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ABSTRACT
Orthotropic bridge decks have been in use for over forty years. This report
briefly summarizes the history and evolution of orthotropic decks and compares the
deck's historical performance to the results of a full-scale fatigue test. The report then
evaluates the proposed deck for the Williamsburg Bridge Reconstruction Project. The
derivation of the test loading method is outlined. Static and fatigue test results from
the full-scale specimen as well as finite element analysis results are presented. Finally
the relationship between the results and fatigue resistance will be discussed.
1.0 INTRODUCTION
1.1 Background
Steel orthotropic bridge decks were first used over 40 years ago. The
orthotropic deck concept is the result of engineering efforts in Europe, primarily
Germany, to obtain optimum structural performance from available materials. Spurred
on by material shortages during the post-war years, bridge engineers developed
lightweight steel bridge decks that were not only very economical but also possess
excellent structural characteristics[1).
The steel orthotropic deck concept is based on the battledeck floor of Navy
warships. The battledeck floor allowed for a 40 percent increase in permissible
stresses in the steel plating due to the composite action between the deck plate and
longitudinal stringers. The orthotropic deck uses composite action for improved
strength as well. As shown by the flipped deck in Figure 1.1 [2), an orthotropic deck
typically includes a deck plate stiffened by a series of closely spaced longitudinal ribs.
These ribs are welded to the deck plate in a direction perpendicular to the supporting
floorbeams and make the deck much more rigid in the longitudinal direction than the
transverse direction. The structure's behavior varies in orthogonal directions. This
makes the deck orthogonally anisotropic or orthotropic for short.
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The longitudinal ribs that are welded to the deck plate may be open ribs or
closed ribs. Figure 1.2 shows an example of both types of ribs. The major difference
between the rib type~ is that open ribs are torsionally soft while closed ribs are
torsionally stiff. Open ribs are usually made from flat bars, bulb shapes, inverted T-
sections, angles or channels. An advantage to open ribs is that they can be welded to
•
the deck plate from both sides. The figure also shows typical closed rib cross
sections; the most common of which is the trapezoid. Closed ribs may also be
semicircular, triangular, or some combination[ll. Closed ribs can only be welded to the
deck plate from the outside. After welding, the inside of the closed rib is sealed off
making visual inspection of the inside impossible.
This report reviews observations made on existing orthotropic decks and
laboratory experiments - both sources yielded similar results. It then describes the
static and dynamic tests conducted on the proposed orthotropic deck for the
Williamsburg Bridge. The relationship between the results of these tests and fatigue
resistance will be discussed. Using the knowledge gained from the analysis, design
recommendations are made to increase fatigue life.
1.2 Fatigue Considerations in Orthotropic Decks
Fatigue cracks in welded structures are usually the result of poor details in
combination with high cyclic stresses. These high stresses commonly result from
large live load forces or are distortio~uced. If the cyclic stresses are too large,
,
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cracking' can occur. Distortion induced cracks can result from rotating or racking a
/\
\
member. Primary stresses result from in-plane loading of the floorbeams, ribs and
deck. Secondary stresses are mostly thought to be caused by the bending moment due
to unsymmetrical loading. The following is a summary of the historical problems
associated with common design details for closed rib steel orthotropic decks.
Ribs:
The first orthotropic deck installations attached segmental longitudinal ribs to
continuous diaphragms at the support. Keeping the ribs straight and providing fatigue
resistant connections was difficult with this configuration. Misalignment between
adjacent ribs resulted in much distortion induced cracking as well as cracks from lack
of fusion. In order to avoid misalignment, the ribs were made continuous and the
segmental diaphragm was placed between the ribs. This removed the misalignment
induced distortion and greatly increased the fatigue strength of the overall deck, but it
also produced unexpected cracking at the rib/diaphragm intersection[3J.
Originally the diaphragm was welded all around the perimeter of the curved
rib. This detail produced cracking at the tip of the curved rib as illustrated in Figure
1.3. These weld throat cracks were due to the lack of fusion left in the rib which
result from using a fillet weld to connect the rib to the diaphragm. Figure 1.3 also
shows the crack-like initial condition which results from fillet welding. The bending
stresses pull at the plate which opens and closes the initial crack-like defect. This
~ .
causes the initial crack-like defect to propagation and turn into a weld throat crack.
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In an attempt to remove cracking at the tip of the curve, the rib was flattened
out and the diaphragm was welded all around. Due to the lack of fusion, this still
resulted in cracking at the bottom of the rib (Figure 1.4) and caused stress
concentrations at the corners with subsequent cracking of the diaphragm there as well
(Figure 1.5)[41• The diaphragm cracking was distortion induced. Figure 1.6 shows a
stiff floorbeam and stiff rib that left a thin diaphragm plate, a gap, between. This gap
was very susceptible to secondary stresses due to rotation. This distortion led to
subsequent cracking. Another problem was that the continuously welded diaphragm
did not allow for rotation of the rib due to unsymmetric loading of the deck. Design
improvements that addressed this issue are discussed below.
Diaphragm:
To allow for rib rotation and to avoid welding to the highly stressed bottom
portion of the rib, the diaphragm was cut out around the base of the closed rib. This
eliminated the cracking at the bottom of the rib, but cracking then occurred at the
bottom of the circular cut-out, at the change of curvature near the ends of the cut-outs,
and at the rib/diaphragm connection (Figure 1.7)[4]. The crack at the rib/diaphragm
connection was due to the racking of the rib. The horizontal crack in the diaphragm
. resulted from the out-of-plane distortion induced stresses. This type of cracking was
discussed above. Another contributor to cracking is the condition of the opening.
Flame cutting leaves a much rougher, more crack prone edge than a smooth surface.
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This rough edge would contribute to the initiation of the horizontal diaphragm cracks
and is most likely the reason for the vertical crack initiating.
When a more oval cut-out was tried with no change in curvature within the
cut-out, cracking occurred at the oval's ends (Figure 1.8)[41. These cracks resulted
from the same stresses as the ones in Figure 1.7. Changing the geometry of the cut-
out did not decrease the cracking. It was the stresses that needed to be reduced. The
mentioned crack locations were prevalent on the Westgate Bridge in Australia[51. The
Westgate measurements demonstrated that the shear distortion and bending stresses in
the diaphragm were the critical condition. Distortion-induced cracks were also
prevalent in the wall of the closed rib at the rib/diaphragm intersection. The distortion
induced stresses were too high to be effectively reduced by a diaphragm cut-out.
A closed triangular rib approach yielded no better results. A triangular rib
encased in the diaphragm resulted in cracking near the tip (Figure 1.9)[61. The
triangular rib with a cut-out near the tip resulted in cracking at the rib/diaphragm
connection (Figure 1.10)[6] just like the trapezoidal ribs.
Another source of secondary stresses, although not so prevalent, results from
Poisson's ratio. This source is minor compared to those discussed above but it does
have some effect. Longitudinal flexural compressive stress in the bottom of the rib at
the floorbeam cause corresponding Poisson's expansion in the transverse direction of
the ribs (Figure 1.11). This effect is stressless, as long as the transverse expansion is
not restrained. At thefloorbeam cut-outs, the Poisson's expansion of the rib bottom
flange is not prevented. However widening of the entire rib shape is not possible
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because of the restraining effect of the diaphragm above the cut-out. This causes local
out-of-plane distortion of the rib wall in the vicinity of the cut-out, with associated
secondary flexural stresses in the vertical plane and in the horizontal plane. Analysis
indicated that these secondary stresses are approximately inversely proportional to the
square of the cut-out depth. To reduce these stresses, the cut-out depth should be
increased[7l. Increasing the cut-out depth moves the rib/diaphragm connection location
farther away from the primary stress concentration at the bottom curve of the rib, thus
lowering secondary and primary stresses.
RiblDeck Connection:
Much time was devoted to studying the longitudinal rib to deck connection.
Originally the procedure was one of manual metal arc welding, but a consistent quality
weld was hard to maintain and cracking was discovered along the length of the ribs.
Figure 1.12 displays the rib/deck connection and the moments acting at this point. M1
and M2 are produced by the rotation of the deck. M3 is produced by the rotation of
the rib. Figure 1.12 shows that:
M1 =M2 + M3
The same problem that was found with fillet welding the rib/diaphragm connection can
occur at the rib/deck connection. Just like before, the prying of the lack of fusion
crack-like defect caused cracking. In this case M3 pries the rib away from the deck
plate. In order to remove the problem the lack of fusion must be decreased.
Increasing the penetration of the weld decreases the crack-like defect. Manual metal
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arc welding did not create a consistent weld so cracking occurred at the location with
the largest lack of fusion. Automatic submerged arc welding was shown to produce
consistent partial penetration welds which significantly improved fatigue life[IOl Highly
automated submerged arc welding machines can produce decks on which the weld
quality is dependable and rectification work for distortion control has been almost
eliminated[lil.
Several tests have been carried out to optimize the rib/deck welding detail and
procedure. The influence of the rib edge angle and preparation necessary before
welding has been evaluated. Comparisons made between edges chamfered at 60°, 45°,
and 0° showed that without edge preparation and without chamfer, a satisfactory weld
is obtained. A satisfactory weld is signified by a lack of penetration less than 1 mm
(0.04 inch). Tests also demonstrated that there is no significant difference in fatigue
behavior for specimens with a 2 mm (0.08 inch) gap between the top of the rib and
~
the deck plate and those with no gap[4]. This allows welding tolerances to be slightly
less stringent for the rib/deck connection.
RiblDiaphragm/Deck Connection:
Fatigue cracks, however, were not only observed near the base of the ribs.
Cracks were also prevalent at the rib/diaphragm/deck plate connection. An
investigation conducted in France on dismountable steel viaducts comprised of
orthotropic plate decks revealed many cracks in the ribs and deck platers]. The
viaducts were constructed between 1970 and 1980 with a deck plate thickness of 10
8
mm (0.375 inch). Increasing the deck thickness to at least 0.625 inch (15.9 mm)
greatly reduced the distortion induced by the deck plate rotating on top of the rib at
the rib/deck intersection. This greatly increases rib and deck plate's fatigue life. To
avoid the geometric stress concentration at the rib/diaphragm/deck plate intersection,
@t-outs were located at the connection. Testing was done on these cut-outs with
'.
various radii and cracking was still observed[:~, Once again, out-of-plane stresses
caused by the distortion of the rib wall against the diaphragm were to high too be
effectively reduced by a cut-out.
Vertical Stiffener:
Another orthotropic fatigue sensitive detail is the vertical stiffener which is
more common on decks where the floorbeam and deck are one unit. Distortion
induced cracking would typically occur along the top of the stiffener in the
longitudinal direction. Figure 1.13 shows a simple retrofit of cutting off the top
portion of the stiffener. This removes the rigid connection and imparts the deck with
more flexibility[2]. The diaphragm is left with a larger length over which it can distort.
With the top of the stiffener welded to the deck plate all of the distortion is
concentrated in one area which makes cracking more likely to occur. This fatigue
sensitive detail is not present on decks consisting of two units, where the floorbeams
are erected separately from the rib/diaphragm/deck unit. For the two unit decks, if the
vertical stiffeners are placed in the floorbeam, the rib/diaphragm/deck plate section
does not require vertical stiffeners and can be bolted onto the floorbeam.
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Field Splices:
Because transportation of the complete bridge deck from the shop to the site is
seldom possible, field splices are necessary. Transverse field splices have to be made.
For a transverse field splice, the deck plate of one section needs to be connected to the
deck plate of the adjacent section. Similarly, the ribs of one section need to be
connected to the ribs of the adjacent section. This is mostly done by a full-penetration
weld. A groove weld with a backing bar can be used. Splice plates can be welded or
bolted. Figure 1.14 shows a staggered approach that uses part of the ribs as a backing
bar. But with closed ribs the weld can only be made from the outside in an
unfavorable overhead position. Even with the different procedures studied, the quality
of such a weld is questionable. In rarer cases where longitudinal field splices have to
be made, only the deck plate and diaphragm have to be connected. This is mostly
done by a full-penetration weld. Removing the backjng bar after welding improves
the fatigue resistance. Since the weld is accessible from both above and below, a
good quality weld can be achieved[4J• A high strength bolted splice is often used to
splice the rib section after the deck plate is groove welded. This type joint has been
commonly used in the United States.
To prevent cracking, the above summary of historical problems associated with
common design details for closed rib steel orthotropic decks should be heeded.
Designs need to be altered to bring stress levels below the constant-amplitude fatigue
limit (CAFL). This was the objective behind the new orthotropic deck designed for
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the Williamsburg Bridge. Discussed below is a quick history, the design
modifications, their influences, and historical comparisons on the proposed steel
orthotropic deck for the Williamsburg Bridge.
2.0 TEST DECK
2.1 WILLIAMSBURG BRIDGE BACKGROUND
When the Williamsburg Bridge opened in 1903, it was the longest suspension
bridge and the largest steel structure in the world. The Williamsburg Bridge spans
488 m (1600 feet) over the East River and connects Manhattan and Brooklyn in New
York City. Progressing from horse and buggy traffic, the bridge now carries eight
lanes of vehicular traffic, two train tracks and a pedestrian walkway. Due to extensive
deterioration, in 1989 it was decided to rehabilitate, rather than replace, this vital
artery. A current photo of the bridge is shown in Figure 2.1 [121•
After performing a comparative study of different deck types, a closed rib, steel
orthotropic deck was selected to replace the existing deck system. The orthotropic
deck system was selected to provide long term uninterrupted use with minimal
maintenance requirements, reduce dead load on the main bridge, and live load
deflections of the cantilevered floorbeams supporting the outer roadways.
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2.2 TEST PANEL BACKGROUND
The proposed orthotropic deck for the Williamsburg Bridge was designed by
Steinman Boynton Gronquist & Birdsall and includes many design improvements to
prevent fatigue crackingl131 . A study of the closed rib steel orthotropic deck history led
the designers to choose a torsionally stiff trapezoidal rib with rounded corners. The
diaphragm cut-out was made oval but the detailing of the rib/diaphragm intersection
was debatable and will be discussed further. To remove fatigue cracks from the
rib/diaphragm/deck intersection the deck plate thickness was increased to 15.9 mm
(0.625 inch) and no cut-out (cope) was provided in the diaphragm. For the rib/deck
intersection, a minimum 35 degree and a maximum 45 degree chamfer with no edge
preparation was used. The welding was performed by an automatic submerged arc
welder. No vertical stiffeners were placed on the diaphragm. A two unit approach
was used with vertical stiffeners on the floorbeams but not on the rib/diaphragm/deck
plate portion. To prevent fatigue cracking at the longitudinal field splices, longitudinal
field splices in the deck were prohibited. The deck sections would have to be
fabricated the full width of the roadway. For the transverse field splices, full-
penetration welds would be used for the deck plate and the ribs would be spliced with
bolts. Bolted splices on the ribs eliminate the fatigue sensitive backing bar. A
significant design change was the addition of an internal diaphragm inside the closed
rib, or bulkhead. This was designed to reduce the racking distortion-induced cracking
observed in other bridge decks.
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The Williamsburg Bridge contains both cantilevered and simply supported
sections. The test panel was a cantilever section. There will be a significant
difference in the behavioral response between a cantilever section and a simply
supported section. Since the cantilevered section is subjected to larger stresses (shear
and moment) in the transverse direction, a design that accommodates the cantilever
section should be more than adequate for a simply supported section.
The planned retrofit scheme for the outer roadways of the bridge will
incorporate 12.19 m (40 foot) long by 6.10 m (20 foot) wide prefabricated orthotropic
deck panels which are bolted to floorbeams through 8 mm (0.313 inch) thick
diaphragm plates. Other elements of the deck system consist of a 16 mm (0.625 inch)
deck plate and 9.5 mm (0.375 inch) thick closed rib sections. Figure 2.2 shows a
dimensioned cross section of the deck. Panels of the continuous deck system will be
joined in the field with a full penetration weld of the deck plates and a bolted splice
on each of the ten longitudinal ribs. A series of shear plate connectors, each
approximately 3.75 m (12.3 feet) long, will connect the outer and inner roadways to
the bottom chord of the main truss. These connectors carry the horizontal shear in the
longitudinal direction of the bridge, thereby reducing out-of-plane bending in the
floorbeams and diaphragm plates. A wearing surface will be applied to the deck
system which consists of a waterproofing membrane and two courses of asphalt
concrete with a total thickness of 5.08 cm (2 inches).
With the design criteria set, eight critical fatigue details were identified on the
orthotropic deck which Figure 2.3[14] helps visualize. These details include: 1) the in-
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plane diaphragm stresses near the deck, 2) the axial stress in the rib wall at the cut-out
or intermediate diaphragm, 3) the longitudinal stresses in the field welded deck plate
transverse splice, 4) the horizontal stress in the bulkhead, 5) the vertical in-plane stress
in the diaphragm plate, 6) the longitudinal stresses in the rib/deck intersection, 7) the
deck plate stresses along the diaphragm at the diaphragm/deck connection, and 8) the
shop welded splice of the rib/deck intersection. The rib/diaphragm weld detail is
another major point of concern and will be discussed further.
During the peer review process, all design issues were resolved except for the
previously mentioned rib/diaphragm connection. This detail is subject to a complex
combination of in-plane and out-of-plane stresses and is historically critical to the
fatigue strength of the deck system. Because of the concerns regarding the fatigue
strength of the rib/diaphragm connection, two alternative weld details were developed
in the design process. Figure 2.4 illustrates Option B, a fillet-welded connection
suggested in the AASHTO LRFD Bridge Specification [15] where the weld terminates
short of the cut-out. An improved connection design, Option A, was also developed
and includes a combination of full penetration groove welds and fillet welds. This
detail is shown in Figure 2.5 and requires that 102 mm (4 inches) adjacent to the
termination of the diaphragm cut-out be fabricated with a combination full-penetration-
fillet weld detail. The combination weld is continued beyond the end of the
diaphragm plate and is then ground into a smooth radius to remove any weld
discontinuities at the termination of the weld. The remainder of the diaphragm to rib
connection consists of double-sided fillet welds similar to the Option B AASHTO
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recommended detail. Unfortunately, a quantitative comparison of the fatigue strengths
of these two details is unavailable in the literature. Therefore, it was decided to
prepare contract documents showing both weld details. A final selection of the
connection detail would be based upon the results of a full-scale fatigue test of both
rib/diaphragm welds.
Although steel orthotropic decks have been in service fo~< over forty years in
Europe, no full-scale, complete panel fatigue tests have ever been conducted. The
advantage of such a test program is that the complex distribution of stresses in the
deck system can be more accurately duplicated. In addition to obtaining information
on the rib/diaphragm connection details, the performance of all the critical details can
be evaluated and compared to existing deck systems.
The full-scale fatigue test of the Williamsburg Bridge orthotropic deck system
was conducted at Lehigh University's ATLSS Engineering Research Center. Selection
of the rib/diaphragm weld detail to be used for the bridge reconstruction was based on
an evaluation of the test data at 2 million cycles. Testing was to continue to 10
million cycles to study the fatigue behavior of the entire deck system. Throughout the
test, crack detection and repair techniques were also evaluated.
2.3 TEST PANEL FABRICATION
A full-scale, prototype deck panel 18.3 m (60 ft.) long and 6.1 m (20 ft.) wide
was fabricated by Leonard Kunkin Associates. A plan view of the deck panel is
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shown in Figure 2.6. The test panel is supported by four equally spaced fJoorbeams as
a three span continuous unit with transverse field splices made in the deck adjacent to
the two interior fJoorbeams. The full penetration groove weld transverse splices were
welded using a backing bar. The backing bar was left in place because it passed
through the ribs. Each of the two rib/diaphragm weld details are used in the test panel
and are symmetrically detailed to provide a fair comparison of their fatigue endurance.
Because of access difficulties at the laboratory, the panel sections were fabricated in
two 3.05 m (10 ft.) wide sections rather than the standard 6.1 m (20 ft.) wide panel.
The two panel sections were joined longitudinally with a fUll-penetration groove weld
,
on the deck plate and a bolted connection at each floorbeam and intermediate
diaphragm. For comparison, a cross section of the floorbeam and intermediate
diaphragms can be found in Figure 2.7. A key difference between the diaphragm on
top of the floorbeam and the intermediate diaphragm is that the intermediate
diaphragm is continuous. For the first few ribs at the supported end, the diaphragm
over the floorbeam is continuous. For the remaining ribs, the cut-out is extended to
the bottom of the diaphragm; this leaves a gap when the diaphragm is bolted to the
floorbeam. A single 3.75 m (12.3 ft.) long shear connector and miscellaneous
attachments for the bridge railing system were also fabricated with the test panel.
The test deck panels were fabricated in a weld shop. Assembly started with
laying out the deck plate. The longitudinal ribs were bent into trapezoidal cross
sections and the bulkheads welded in place. Then the ribs were welded longitudinally
with an 80 percent penetration weld to the deck plate. Finally the diaphragm plates
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were fitted between the ribs. The rib/diaphragm welds on Floorbeam B were the
Option A, combined fillet groove welds, while those on Floorbeam C were the Option
B fillet welds.
The deck panels were fabricated to meet all applicable NYSDOT specifications.
Weld procedures and inspection requirements were similar to that specified for the
deck system on the bridge reconstruction project. Particular emphasis was placed on
the fit-up of the deck system. To ensure proper tolerances, the entire deck panel was
preassembled, including floorbeams, at the fabricator's shop prior to delivery to the
laboratory.
2.4 SPECIFICS OF THE TEST SETUP
The 6.1 m (20 ft.) x 18.3 m (60 ft.) deck panel spans continuously over four
floorbeams which are cantilevered from the laboratory reaction wall at a,3 percent
\..
slope to simulate the actual roadway grade. Specially designed W14x398 wall
columns are used to attach the ends of the floorbeams to the reaction wall. Although
the floorbeam spacing on the bridge is 6.07 m (19.92 ft), the span length in the test
setup was increased by 25 mm (1 inch) to match the reaction wall attachment spacing.
Each W14x398 wall column was designed to carry the maximum applied moment
with a minimal amount of distortion at the beam to column connection. Limiting this
distortion prevents excessive deflections due to rigid body rotation of the deck system.
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The only component of the cantilevered roadway which was omitted from the
test panel was the asphalt concrete overlay. Because of anticipated difficulties with
installing the wearing surface in the laboratory and removing the panel with the
wearing surface at the completion of the test program, it was decided to conduct the
test without this feature. Although the bond of overlays to orthotropic deck panels has
caused problems at several installations (and is worthy of its own research study), this
issue was outside the scope of the research plan and therefore not considered further.
The omission of a wearing surface will produce slightly conservative results because
of the lack of composite action between the deck panel and asphalt overlay. This
composite action would affect the longitudinal stress distribution, but it should have
little impact on the diaphragm stresses. Omitting the wearing surface is also
consistent with design assumptions. To compensate for the dead load of the wearing
surface, approximately 13.6 tonnes (15 tons) of sand bags were distributed over the
deck surface. A photograph of the assembled test panel and actuator layout is shown
in Figure 2.8.
An inner and outer lane of wheel loads was applied to the specimen with 489
kN (110 kip) hydraulic actuators at five locations along the length of the deck panel.
The wheel load patches are shown on Figure 2.6. Through a spreader beam
arrangement, the load from each actuator was distributed to four patch loads which
simulate AASHTO recommended 305 mm (12 inch) x 711 mm (28 inch) wheel
footprints. A 3 mm (0.125 inch) thick neoprene pad was placed under each footprint
to ensure that the load was distributed evenly under the loading plate. Loads from the
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five actuators were applied in a unique sequence which simulates the passage of two
vehicles, side by side, over the deck panel.
2.5 SIMULATED TRUCK LOADING METHOD
A unique method of loading the test panel was developed by NYCDOT to
produce effects equivalent to two vehicles traveling side-by-side across the actual
bridge[l6J• A time-varying load is applied at each actuator location. By correctly
sequencing the application of loads, the dynamic effects of vehicles moving on the
deck can be simulated.
The most important objective of the fatigue test was to evaluate the
performance of the two proposed rib/diaphragm connection details. Therefore,
accurate representation of the maximum out-of-plane and in-plane effects in the
diaphragms at each interior floorbeam was sought. The load sequence was first
derived by analyzing the bridge deck as a 5 span continuous beam using beam models.
In the model, an HS20 design truck with variable axle spacing (4.3 m to 9.1 m; 14 ft.
to 30 ft.) was moved along the continuous beam to produce maximum effects. The
orthotropic deck test panel was represented by a 3 span continuous beam with loads
positioned at 5 stationary locations (actual actuator locations). Load magnitudes at
each actuator location were determined on the basis of the desired effect obtained from
the moving load model. The stationary model produces similar reactions and
deflections of the center two floorbeams, and similar rib rotations, to those of the
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moving load model. These wheel loads were later refined by conducting similar
analyses using the grid model developed for the orthotropic deck system design.
The loading steps are such that each of the inner floorbeams experiences
sequential peak out-of-plane and peak in-plane effects of traffic moving toward the
center of the deck panel prototype. Figure 2.9 illustrates the equivalent wheel loads
(without impact) and the corresponding time history at each actuator location. The
values shown correspond to the grid model while the values in brackets correspond to
the beam model when different. Since the roadway is not being widened, there is a
low probability of having two trucks side by side. Nonetheless, the static test loads
were conservatively derived assuming an HS20 truck with no impact in the inner lane
(load P) and an HS20 truck with 30 percent impact in the outer lane (load 1.3P).
This complex, five-step, loading pattern is driven by a computer controlled
Vickers digital valve actuator system. A total of 25 commands are necessary for the
completion of bne simulated truck crossing (i.e. one cycle). In addition, the actuator
control system is used to monitor displacements to detect changes in compliance due
to cracking and also to maintain a log of the number of cycles applied to the
specimen.
2.6 INSTRUMENTAnON PLAN
An instrumentation plan was developed to obtain information on the overall
behavior of the deck system and the distribution of stresses at fatigue sensitive
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connection details. Over 400 strain gages and 16 displacement transducers were
utilized to measure strains, deflections and rotations at numerous locations on the test
specimen. Specific areas of interest were selected from the results of finite element
analyses of the test panel and previously reported problems on installed orthotropic
deck systems.
Determining the global behavior of the test panel under simulated truck loads
focussed on measuring the strain distribution in the deck panel and moments carried
by the four floorbeams. A series of biaxial strain gage rosettes were installed on the
top surface of the deck plate and shear connector to measure strains in the longitudinal
and transverse directions. Each floorbeam was instrumented with a displacement
transducer at the free end and several strain gages to measure displacements and
bending moments respectively. Out-of-plane rotation of the diaphragm plate was also
measured at Ribs 2 and 4 on the two interior floorbeams.
Because two different rib/diaphragm connection details were included in the
test panel, a majority of the instrumentation was installed to determine the strain
distribution at these fatigue critical details. The instrumentation was installed
symmetrically at these two locations to ensure accurate comparisons between the two
connection details.
Strains were measured along both sides of Ribs 2, 5, 7, 8 and 9 in the
longitudinal direction (in-plane bending) and transverse to the longitudinal axis at the
termination of the diaphragm plate. This rib/diaphragm connection has been the
source of distortion-induced cracking on other orthotropic deck systems[5] and was
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therefore heavily instrumented. Also important are both the in-plane and out-of-plane
strains in the diaphragm plate adjacent to the rib cut-outI61 . Typically, a biaxial rosette
was placed along the toe of the fillet weld near the termination of the diaphragm plate
and uniaxial gages were placed along the perimeter of the rib cut-out. Several rosettes
were placed on both sides of the diaphragm plate to allow measurement of out-of-
plane bending. While conducting the static calibration tests, additional gages were
added to the diaphragm plate to better define strain gradients near the rib/diaphragm
-
weld. A diagram of strain gage locations for a rib and diaphragm is shown in Figure
2.10. The figure also explains the indexing scheme, which is based on location, used
for keeping track of all the strain gages. All of the ribs were not instrumented with all
of the gages indicated in the figure. The indexing scheme did allow for easy
comparison of the same location on different ribs.
Since the floorbeams attach to the lab wall differently than they will in the
actual bridge, the test set up was also monitored. Strain gages were also placed on the
wall columns, the floorbeam top flange connection plates, and at selected locations on
the deck plate. These gage locations are identified in Appendix A, Figures Al
through A6. This allowed for a comparison of the boundary condition between the
test specimen and finite element model. The gages on the set up also ensured the
integrity of the test fixtures and verified that the set up did not adversely affect the
experiment.
During static tests, an Optim Megadac 2300C data acquisition system was used
to acquire the test data. Because of the large number of transducers being monitored,
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not all channels could be recorded simultaneously and three separate test runs were
required. Approximately 50 channels monitoring the global behavior of the deck were
included in each test run while the remaining channels were broken up into three
groups. This large volume of test data was quickly and efficiently analyzed with in-
house developed software.
A total of 64 strain gage channels and loads from the five actuators were
continuously monitored during the fatigue test using PC based ND boards and
commercially available software, Keithley Metrobyte's Viewdac. A time history of
individual channels or applied loads can be viewed on screen or plotted and measured
stress ranges, for a 3 second period, can be viewed real time.
3.0 TEST RESULTS
3.1 STATIC CALIBRATION TESTS
Static load tests corresponding to each of the five time steps illustrated in
Figure 2.9 were conducted to determine the three-dimensional stress distribution in the
deck system under HS20 loads. The test results are summarized in Appendix A for
the 402 strain gages and displacement transducers monitored during static calibration.
The experimental results were compared to the results of finite element analyses and
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initially indicated that the floorbeam deflections were approximately 30 percent greater
than predicted. After Steinman personnel modified the analytical model to include the
effect of non-rigid, spring supports at the floorbeam and shear connector, the
comparison of global results indicated good deflection agreement. For many locations,
the measured strains in the diaphragm plate adjacent to the rib/diaphragm connection
were higher than predicted.
Appendix A states that the static test was accomplished by applying the
equivalent of an HS20 truck with no impact in the inner lane traveling alongside an
HS20 truck with 30 percent impact in the outer lane. Generally, the measured stresses
in Appendix A are well below 69 MPa (l0 ksi). For example, the highest stress
recorded in the bulkhead was 2.0 MPa (0.3 ksi) at C-B8-I. Whereas the highest
longitudinal stress in the field welded deck plate transverse splice was 7.5 MPa (1.1
ksi) at B-P5-1. Both of these locations were recognized as possible critical fatigue
details during design (Figure 2.3), but testing proved these stresses to be negligible.
Generally, the low stresses recorded during static test 1 are within the boundaries upon
which the design was based and concur with the design model. However, in some
locations near the diaphragm cut-out at the rib/diaphragm intersection, measured
results were two to three times greater than predicted. This large discrepancy from the
design model is shown in Appendix A at gages B-D5-WI, and B-D5-EI in particular.
Based on the static results under the full HS20 truck loading, strain gages were
identified for monitoring during the fatigue tests. While static loading is based on
HS20 trucks with and without impact, fatigue loading is based on the AASHTO LRFD
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fatigue truck. Fatigue loading was accomplished by placing the equivalent of an HS 15
truck with no impact in the inner lane traveling alongside an HS 15 truck with 30
percent impact in the outer lane. The fatigue load is 75 percent of the static load.
Since all of the stresses measured are below yield, the stresses are linearly
proportional and the stress ranges measured during fatigue loading are 75 percent of
the stress ranges measured during static loading. The stresses in Appendix A
correspond to the HS20 loading and are presented as they were recorded. The static
stresses presented in the main body of the report have been multiplied by 0.75 and
converted into their dynamic fatigue loading equivalent. This conversion was done for
the ease of comparing static and dynamic values and tables in the main body of the
paper.
Stresses measured near the diaphragm cut-out determined this location to be
one of the fatigue sensitive spots. The orthotropic deck history determined the area
near the diaphragm cut-out to be one of the fatigue sensitive spots as well. The
highest stresses obtained were located in the diaphragm plate (perpendicular to the rib
weld) at the termination of the rib cut-out; strain gage location D-I (see Appendix A
for gage locations) on the diaphragm. Figure 3.1 displays stresses measured at this
"hot spot" location. The biaxial strain gage was placed within 6 mm (0.25 inch) of
the weld toe and may be influenced by the stress concentration at this geometric
change. Prediction of these "hot spot" stresses is difficult, if not impossible, without a
refined finite element analyses. Strain gages placed around the perimeter of the rib
cut-out, at strain gage locations D-3, 4, and 5, also indicated tension stresses as high
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as 103 MPa (15 ksi). It should be noted that there was a large amount of scatter in
this data because of slight variations in the geometry of the cut-outs and strain gage
orientations at each diaphragm location.
The stresses measured on the intermediate diaphragms, barrier brackets, and
deck plate were all small. Since the diaphragm stresses over the interior floorbeams
(B and C) were the highest, the analysis subsequently will concentrate on them.
The high measured stresses on the diaphragms over the floorbeams were
confirmed by finite element analysis l171 . Since the highest stresses were measured at
Rib 5, the finite element model concentrated on this rib. A rough global model and a
fine local substructure model were used in a two level approach. The global model
displacements were used to submodel Ribs 4, 5, and 6. The second level's general
mesh size for Ribs 4, 5, and 6, was 25 mm by 25 mm (l inch by 1 inch). The mesh
around the focal point, Rib 5, was reduced to 6 mm by 6 mm (0.25 inch by 0.25
inch). The finite element analysis was conducted using ABAQUS.
Additional strain gages placed along the toe of the diaphragm fillet weld
indicate that a large strain gradient occurs along the length of the weld. At a location
51 mm (2 inches) above the diaphragm cut-out at strain gage location D-6, hot-spot
strains are 25 percent of those at the cut-out. This large gradient could be beneficial
in arresting cracks growing along the weld toe. Strains measured 25 mm (l inch)
perpendicular from the weld toe at strain gage location D-IO, do not indicate that a
large gradient exists in this direction. In some locations, measured strains vary 25
percent from those measured at the toe of the weld. Usually the strains varied from
26
7.5 to 12.5 percent. No doubt, a significant portion of this reduction is due to being
away from the stress concentration at the weld toe directly above the cut-out. These
results are shown in Table 3.1.
As illustrated in Figure 3.1, in-plane stresses in the diaphragm plate increased
from 14 MPa (2 ksi) at the free end to 131 MPa (19 ksi) at the fixed end of the
cantilever. Similarly, stresses in the diaphragm at an individual rib were typically
higher in compression (side closer to fixed support) than tension. The notable
exception to this behavior is Rib 5. Rib 5 is located close to the longitudinal
centerline of the test panel and produced the highest stresses (172 MPa or 25 ksi). As
mentioned above, high stresses were predicted at this location from the finite element
analysis and confirmed experimentally. These unusual stresses are believed to be
caused by the local effects of adjacent wheel loads.
Failures in other orthotropic decks[4][6J have been caused by two types of
distortion-induced cracking in the wall of the closed rib. The first type is related to
shear and in-plane bending in the diaphragm, while the second type is due to rib box
distortion (see Figure 1.11) as discussed in Reference 7. The test showed that the
bulkhead inside the rib essentially eliminated these rib distortions. A continuity plate
had not been placed in most of the previously discussed orthotropic decks. In fact,
stresses in the rib were reduced to less than 28 MPa (4 ksi) at the intersection with the
diaphragm plate and therefore no cracking was expected at this location, Table 3.2.
This significant design improvement practically eliminated the most fatigue sensitive
location in current orthotropic decks. It is believed that the bulkhead shifted the
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fatigue focus from rib distortion to the next most sensitive detail - the diaphragm at
the rib/diaphragm intersection. The bulkhead presence introduces higher stresses into
the diaphragm and in load carrying fillet welds between the diaphragm and rib. This
increases the possibility of weld toe or weld root cracking at the rib/diaphragm
intersection.
Out-of-plane bending in the diaphragm plate (caused by longitudinal rotation of
the deck ribs) was also a major design concern. However, gages placed back-to-back
on the diaphragm plate revealed that out-of-plane bending contributes only 25 percent
to stresses in the diaphragm (see Table 3.3). More importantly, the maximum effect
of out-of-plane bending in the diaphragm plate does not coincide with the in-plane
bending effects. Hence the magnitude of the primary stress range cycle is not
significantly affected. This is shown in Figures 3.2 and 3.3. Both figures contain
peak stresses at time step 2. The loading history (Figure 2.9) reveals that the
maximum in-plane loading for Floorbeam B occurs at time step 2, the time step with
the peak stress. Out-of-plane loading is prevalent at time steps 1 and 4. From Figures
3.2 and 3.3, it is evident that the stresses at these time steps are not as large as the
stresses at time step 2. Therefore, out-of-plane stresses are not as significant. With
this knowledge from the test program, thicker diaphragm plates could be specified in
order to resist the in-plane bending stress without adversely affecting deck behavior.
The thicker diaphragm plates could increase fatigue resistance due to in-plane bending
and not induce significant out-of-plane bending stresses.
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The finite element model calculated principal stresses which accounted for all
of the in-plane forces. In ABAQUS stresses due to bending moments could also be
calculated. To find a rough upper envelope, the bending moments could be added to
the in-plane principal stress. In order to compare the finite element results with the
experimental test results, the strain gage orientation must be accounted for. Since the
highest strains were measured at the rib/diaphragm cut-out on the diaphragm running
perpendicular to the rib, the orientation of the principal stresses was compared at this
location. For this spot, the direction of the principal stress varies from the direction
measured by the strain gage by 16 degrees (see calculations in Figure 3.4). Typically,
the experimental stress will be slightly less than the finite element stress.
Table 3.4 compares the experimental and finite element stresses. The finite
element results were symmetrical for the two interior floorbeams but the experimental
results were not. The two experimental center floobeams differed by an average 25
percent. Floorbeam B usually had the higher stresses. On the west (compression) side
of Rib 5, the combined principal stress plus the stresses induced by the bending
moments for the finite element model were usually between the two measured
floorbeam stresses. For the east (tension) side of Rib 5, the principal stress minus the
two moment stresses was slightly higher than the experimental stresses. Since the
finite element model measures along the direction of the principal stress and the gage
is oriented slightly off of the direction of the principal stress, it was expected that the
experimental values would be slightly less than the model's values.
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The most significant difference between the experimental and finite element
results occurred around the diaphragm cut-out (see Table 3.4). The .finite element
stresses were considerably lower and did not vary as much around the circumference
of the cut out. The slight variations in geometry from rib to rib in the diaphragm cut-
out may account for the difference. These variations could have caused stress
concentrations that were not present in the perfectly smooth finite element model.
Several additional static tests were conducted to investigate the symmetric
behavior discrepancy between finite element predictions and measured stresses.
Variations made to the test setup included loosening and securing the shear connector,
improving load distribution by installing additional neoprene pads and modifying the
load distribution plate, reducing flexibility at the wall column connection, and finally
welding the diaphragm splice between Ribs 5 and 6. Cumulatively, these variations
produced approximately a 10 percent change in overall measured strains. These
changes however, were not consistent and did not result in more symmetry. A
summary of the different test results is shown in TableS.5. The values listed in Table
3.5 correspond to the maximum response measured at a gage throughout the 5 load
step cycle. A brief description of the changes for each test follows:
Test 1 is the original set up. Over 400 strain gages were measured as
described under the instrumentation plan. The unusually high stresses and
unsymmetrical response of the deck prompted the additional tests.
The influence of the shear connector was examined. To investigate this effect,
the shear connector was loosened for Test 2. The changes in stress due to this
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modification were negligible. The shear connector bolts were re-tightened for the
remaining tests.
For Test 3, the pad thickness under the wheel load distribution plates at
Actuator 2 (over Floorbeam B) was increased from 3 mm (0.125 inch) to 6 mm (0.25
inch). It was believed that the surface roughness of the steel footprint and deck plate
were not distributed adequately through the 3 mm (0.125 inch) padding. However,
doubling the padding had a negligible impact on the stresses.
During trial fatigue tests, the floorbeams were observed to move out-of-plane
along their bottom flange. The out-of-plane movement of the bottom of the
floorbeams would not occur with the actual bridge's splice connection. Lateral
bracing on the bridge would keep the floorbeam tip deflection in-plane. This out-of-
plane movement possibly induced unanticipated stresses in the deck. The static tests
boundary conditions were changed to simulate those of the actual bridge. For Test 4,
stiffeners were added to the two center wall columns to reduce the flexibility at the
wall, and guide rails were placed at the free cantilevered ends of Floorbeam Band C
to keep the deflection in-plane. These changes did produce slight changes in the stress
distribution. Some stresses increased slightly, and some stresses decreased slightly,
but no consistency was observed.
During Test 5 the load distribution was again evaluated to ascertain if the
spreader beams were causing the inner edge of the footprint to transfer more load than
the outer edge. To distribute the load more uniformly, a 4 tier pyramid was
constructed for the footprints under Actuator 2 over Floorbeam B. The pyramid only
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K =stress intensity factor
a = crack length
AI' A2, W, Fw= joint geometry constants
H =weld thickness (see Figure 4.2)
tp =plate thickness (see Figure 4.2)
The cyclic life is provided by:
_ 1 fa! 1+2Hjtp 1/2 3
-- [ ] ] da
C!:1 0 3 aj [Ai +A2(ajw)] [1tasec(1taj2w)
N =cyclic life
C =constant
An approximation to the integral equation, termed I, in the expression for N is:
2a. H 1
1=[0.71-0.65(-1) +0.79(-)]3-
tp tp F;
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(4.3)
(4.4)
Therefore the cyclic life N:
IN=--
C/1a 3
(4.5)
Variability in the size of the fillet weld, H, will change the K factor and the
corresponding growth rate. A small increase in H results in a small decrease in K and
a more pronounced increase in N. Table 4.1 displays the changes in K for crack
growth occurring at the weld toe that result from varying the size of the fillet weld.
The stress at C-D9-E1, 97 MPa (14 ksi), was used to calculate K. This stress exceeds
the CAFL which results in a finite life. The contract documents specify a 7.9 mm
(0.3125 inch) fillet weld at the rib/diaphragm connection. Lab measurements indicate
the weld thickness varies from 9.5 mm (0.375 inch) to 6.4 mm (0.25 inch). The
crucial location for the nominal fatigue resistance is at the rib/diaphragm intersection
directly above the diaphragm cut-out.
The cruciform joint is assumed to be a Fatigue Category C detail with a
nominal fatigue limit of 69 MPa (10 ksi) when crack growth occurs at the weld toe.
A design tool based on the cruciform model relates root cracking to the Fatigue
Category C detail.
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The nominal fatigue resistance for the weld root can be calculated by 1211
where:
(~F\ = the nominal fatigue resistance
(~F\C = the nominal fatigue resistance for Detail Category C
H =weld thickness (see Figure 4.2)
tp =plate thickness (see Figure 4.2)
For Equation 4.6, a slight variation in the size of the fillet weld, H, has a
(4.6)
significant impact on the nominal fatigue resistance of the joint. Table 4.2 displays
the nominal fatigue resistance that results from varying H. Table 4.2 uses the same
measured H values as Table 4.1. For the 6.4 mm (0.25 inch) measured H value, the
nominal fatigue limit is 52.7 MPa (7.64 ksi). This is significantly below the fatigue
limit of 69 MPa (10 ksi) that is applicable to the weld toe using Fatigue Category C.
Even if the fillet weld was the design 7.9 mm (0.3125 inch), the nominal fatigue
resistance is still slightly below the assumed 69 MPa (10 ksi). Once again, the
cruciform joint is based on fillet welds. This problem would not arise over the last
101.6 mm (4 inches) of the combined fillet full penetration weld, Option A.
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Root and toe cracks are possible for weld Option B. Therefore, for the stresses
observed, a comparison was made between root and toe cracks. The observed stresses
were plotted on a fatigue S-N curve (Figure 4.3). At the ribs where strain gages were
present, the predicted life, for lower end root cracks, was calculated and their
corresponding points are plotted as triangles in Figure 4.3. The stress range before
cracking for the upper rib/bulkhead cracks is unknown. Before crack initiation, there
were no strain gages in the vicinity of the cracks. Gages placed near the cracks after
detection recorded stresses below 69 MPa (10 ksi). The predicted theoretical fatigue
life is infinite because the stress falls below the CAFL. Table 4.3 displays the gage
locations and corresponding stresses recorded at time step 3, the highest in-plane
loading for Floorbeam C. On Floorbeam C, rib/bulkhead cracking occurred on the
east side. The gages were placed on the west side of Ribs 5 and 7 in an attempt to
record similar high stresses that had not been relieved by cracking. Generally the
stresses from rib to rib were similar, with the west side stresses being slightly higher
than the east side stresses. Most likely the stress that caused initiation for the upper
rib/bulkhead cracks was relieved on both sides of the rib by the cracking.
The lower rib/diaphragm measured stresses fall above the Fatigue Category C
curve. This was consistent with the previous assumption that the rib/diaphragm
connection is a Fatigue Category C detail. It should also be noted that for the
theoretical root cracks the design specified 7.9 mm (0.3125 inch) fillet weld was
assumed.
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4.2 Cracking Mode
Table 4.4 displays the measured stress range at some of the lower end
rib/diaphragm intersections. These stresses are used to calculate the predicted life for
Fatigue Category C toe cracking. The stresses are also used in the cruciform model to
predict life due to root cracking. For the cruciform model an H value of 9.5 mm
(0.375 inch) was used. The number of cycles at which cracking was detected is in
Table 4.4 as well. A graphical representation of the results is in Figure 4.3. From
Figure 4.3, toe cracking should have been the dominant failure mode but, other
variables need to be considered. The fatigue resistance for weld toe cracks is based on
a 95 percent probability of occurrence; the mean minus two standard deviations.
Actual crack initiation can vary by as much as a factor of 5. Furthermore, the H value
of 9.5 mm (0.375 inch) was the largest H measured. Using any of the smaller H
values would shift the Theoretical Root Crack line down. Keeping these variables in
mind, the identified root cracks are within the range predicted.
Two types of root crack conditions were possible for the Option B weld.
Figure 4.4 displays both conditions. The first condition has already been discussed
and is due to the lack of fusion caused by fillet welding both sides of the diaphragm.
The ilcr in the diaphragm is due to the in-plane and out-of-plane bending. These
stresses are applied to the weld toe. The distance 2a is difficult to measure because it
is dependent on the weld penetration into the basemetal. A conservative approach
would be to use the thickness of the basemetal for the distance 2a. The conservative
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approach was used for the calculations herein. If the weld penetration is known, more
accurate results can be calculated. The second condition also results from a lack of
fusion. In this case the unwelded diaphragm at the tip of the connection is presumed
to be an edge type crack. The design called for the last 6.4 mm (0.25 inch) of the
diaphragm Option B weld to be left unwelded. The i1K formula for an edge crack is:
(4.7)
i1K = change in stress intensity factor
Sr = stress range
a = crack length
Using this formula with a Srof 97 MPa (14 ksi) from C-D9-E yields a i1K value of
13.9 ksi in 112. This is well above the crack initiation threshold of 2.75 ksi in l/2• Lab
measurements showed that most Option B welds left much less than 6.4 mm (0.25
inch) unwelded. This would decrease the i1K calculated. Both of these root crack
conditions influenced the root cracks found on Floorbeam C.
A notable exception to the root cracks that were identified is the crack spotted
on C-R5-E. This crack, noticed at about half a million cycles, originated directly
under the diaphragm cut-out running parallel along the rib. The crack was probably
due to a lack of fusion from welding the diaphragm plate to the rib. The lack of
,
fusion crack did not propagate for 1.3 million cycles then it turned up into the weld
and ran perpendicular to the rib. Since this original lack of fusion crack remained
dormant for a while, the cycle at which the crack continued to propagate (after the
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dormant 1.3 million cycles) was the cycle used as the spotted root crack cycle for
figures and calculations.
Even with daily inspection, several of the cracks were 12 mm (0.5 inch) to 18
mm (0.71 inch) long when first identified. These were probably embedded cracks that
surfaced quickly and grew perpendicular to the primary stress field. The cracks grew
along the length of the weld in a vertical direction perpendicular to the in-plane forces
that dominate the behavior of the diaphragm.
The crack at C-R5-E was also an Option B weld. This crack may have
initiated as an embedded flaw or, the lack of fusion crack that was detected could have
propagated. A combination of the two is also possible giving the crack multiple
initiation points.
A toe crack occurred at B-D5-E. This was an Option A weld. As mentioned
before, tbe full-penetration weld over the last 101 mm (4 inches) of the weld would
eliminate the crack-like condition found in the Option B weld which drastically
reduces the chances of a root crack. This crack grew in the same direction as the
other cracks which indicates that it was also dominated by the in-plane forces.
Although the West (compression stress range) generally had higher stresses,
cracks are not as prevalent. Residual tensile stresses, induced by the welding
procedure, may result in a tensile stress range. The magnitude of the residual tensile
stresses is not known. A lack of fusion type crack was found on C-R4-W
(compression side) at the same time that the C-R5-E (tension side) lack of fusion type
crack was found~ Whereas the C-R5-E crack propagated into the weld and would
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reduce the fatigue life of the structure, the C-R4-W crack did not propagate which
suggested that the residual stresses were small at the crack tip. Most likely the crack
grew through the weld-generated-tension zone into the surrounding compression zone
and arrested. This example shows the significance of crack propagation in the tension
zone. Although cracks may start in tension or compression zones, the cracks that
develop in the tension zones usually have a greater effect on the fatigue life of the
structure.
Another look at Figure 3.13 will show that the locations of the upper
riblbulkhead cracks were not consistent. Since the cracks occurred on either side of
the rib, cracking is judged to be the result of high local stresses.
The bulkhead starts 25 mm (1 inch) below the deck plate. The cracks in the
upper riblbulkhead initiated very close to this point. Cracks on Floorbeam C initiated
approximately 5 mm (0.20 inch) below the cracks found on Floorbeam B. It is
therefore concluded that the cracks found on Floorbeam B are toe cracks and the
cracks on Floorbeam C initiated as root cracks. The crack found on C-D7-E seems to
have multiple initiation points as well. The post test inspection should clarify this.
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5.0 Summary and Conclusions
A summary of the key points discovered during the laboratory testing and
analytical modeling of the closed rib steel orthotropic bridge is presented below:
The original analytical model was based on a fixed rigid connection. After this
model was modified to include the effect of non-rigid, spring supports at the
floorbeam and shear connector, a comparison of global results for the lab test and
model indicated good deflection agreement. However, this was not the case for the
stresses.
During the static tests there was a large deviation between the measured and
predicted stresses. The analytical model predicted symmetrical results whereas the
measured deck response was unsymmetrical. This lack of symmetry was inconsistent
and might result from the 3 percent longitudinal slope of the deck. Even though most
of the measured live load stresses were well below the stress range upon which the
design was based, 69 MPa (10 ksi), some locations on the diaphragm adjacent to the
diaphragm cut-out at the rib/diaphragm intersection had measured results two to three
times greater than predicted.
Welding the bolted splice in the diaphragm plate between Ribs 5 and 6 reduced
the stresses adjacent to the Rib 5 diaphragm cut-out up to 20 percent. It is believed
that this reduction was produced by changing the rigidity at the diaphragm splice.
Although this modification only affected the local behavior of the deck system, this
was the location with the hig;hest stresses and is therefor significant.
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The static tests boundary conditions were changed to simulate those of the
actual bridge. The out-of-plane movement of the bottom flange of the floorbeams was
prevented by guides as the lateral bracing on the bridge would keep the floorbeam tip
deflection in-plane. However, restricting this movement did not produce any
significant changes in the measured stresses.
The bulkhead plate lowered the stresses in the rib below the CAFL. This
design improvement practicaIIy eliminated one of the most fatigue sensitive details in
current orthotropic decks. The bulkhead minimized rib distortion, but in tum
increased the diaphragm stresses at the rib/diaphragm intersection. This also
introduces higher stresses in load carrying fillet welds. These conditions increase the
possibility of weld toe or weld root cracking at the rib/diaphragm intersection.
The lower rib/diaphragm measured stresses fall above the Fatigue Category C
resistance curve. This was consistent with the assumption that the rib/diaphragm
connection is a Fatigue Category C detail.
The in-plane and out-of-plane stresses did not reach their maximum response at
the same time in the stress cycle. The maximum effect of out-of-plane bending in the
diaphragm plate does not coincide with the in-plane bending effects. Hence the
magnitude of the peak stress range cycle is not significantly affected. The in-plane
stresses resulted in the maximum stress range in the diaphragm plate.
It was relatively easy to arrest the growth of the propagating cracks. Most of
the lower end rib/diaphragm cracks identified grew out of the large stress range
regions and arrested. For those cracks that did not arrest, the tip was drilled out with
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a 19 mm (0.75 inch) hole and the weld toe in the vicinity of the hole was peened.
Peening introduces compression residual stresses and changes the crack tip geometry.
The retrofit was a simple and effective procedure
From the observations made during the static and fatigue tests, suggestions to
improve the fatigue performance of the steel orthotropic deck are given below:
RiblDiaphragm:
As expected weld Option A provided the best fatigue performance and was
recommended for the rib/diaphragm connection. The full penetration groove weld and
fillet weld combination provided a sounder weld and removed the crack-like condition
from lack of fusion found in Option B (i.e. fillet weld only weld detail). Furthermore,
the ground radius provided a means of destructively testing the weld at the critical toe
section of the rib/diaphragm connection. This helps ensure welding quality control.
The smooth radius also geometrically hinders crack initiation since cracks initiate
easier at jagged comers. The easy successful retrofit of the crack that developed at
weld Option A is another positive factor. Drilling the crack tip and peening the weld
toe adjacent to the hole successfully arrested the c~ack. Using weld Option A with the
recommendations below should increase the fatigue resistance of the deck.
Diaphragm:
Making the diaphragm plate continuous would help distribute the load between
the ribs. Currently the diaphragm plate is continuous between Ribs 7, 8, and 9.
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Extending that continuity across all of the ribs, as it is in the intermediate diaphragm,
would increase the composite action of the deck.
Based on the substructure finite element analyses, a continuous diaphragm with
an increased thickness of 13 mm (0.5 inch) should reduce the highest stresses at the
rib/diaphragm connection below the CAFL. Weld Option A is preferred with an
increased diaphragm thickness because with a fillet weld only, an increased plate
thickness would increase the crack-like condition caused by the lack of fusion between
fillet weld roots. The reduction of in-plane stresses in the diaphragm is important to
achieve an infinite fatigue life at this detail.
Bulkhead:
In addition to increasing the thickness of the diaphragm plate, the thickness of
the bulkhead must also be increased. It is further recommended that the bulkhead be
continued 25 mm (1 inch) deeper into the rib below the exterior diaphragm connection
and extend closer to the deck plate. This detail would avoid having the diaphragm
and bulkhead intersecting the rib at the same location, and it would reduce the gap
between the bulkhead and deck plate. Partial penetration welds at the rib/bulkhead
intersection, at least near the ends of the bulkhead plate, are recommended. The
partial penetration weld would reduce the size of the lack of fusion plane normal to
the cyclic stress in the diaphragm and bulkheads. Since the fillet-full penetration weld
option reduced the lack of fusion in the rib/diaphragm connection, reducing the lack of
fusion in the rib/bulkhead connection is also advised.
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Figure 1.1 Typical Flipped Closed Rib Orthotropic Deck
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Figure 1.2 Example of an Open and Closed Rib Deck
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Figure 1.3 Cracking at the Tip of the Curved Rib and Cross Section
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Figure 1.7 Cracking with Diaphragm Cut Out Around Base of Rib
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Figure 1.9 Cracking at Tip of Triangular Rib
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Figure 1.10 Cracking on Triangular Rib with Diaphragm Cut-out
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Figure 2.1 Williamsburg Bridge
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Figure 2.1 Williamsburg Bridge
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Diaphragm (8 mm thick)
Deck (16 m~ thick)
P 1.3 Pp
L-----f----- 6.1 m ----\,.-----------'
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Figure 2.2 Dimensioned Cross Section
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(1) In-plane diaphragm stresses near the deck plate.
(2)(2') Axial stress in the rib wall at the cut-out or intermediate diaphragm.
(3) Longitudinal stresses in the field welded deck plate transverse splice.
(4)(4') Horizontal stress in the bulkhead.
(5) Vertical in-plane stress in the diaphragm plate.
(6) Longitudinal stresses in the rib/deck connection.
(7) Deck plate stresses along the diaphragm at the diaphragm/deck connection.
(8) Shop welded splice of the rib/deck intersection.
Figure 2.3 Critical Fatigue Details Recognized During Design
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Diaphragm
Bulkhead
Plate
Option B
Figure 2.4 Weld Option B for RiblDiaphragm Connection
Option A
Figure 2.5 Weld Option A for RiblDiaphragm Connection
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Figure 2.6 Plan View of Deck Panel
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10 9
Diaphragm
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bJ ! t 0 610 u L4]fihZ 0
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Figure 2.7 Cross Section of Floorbeam and Intermediate Diaphragm
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Figure 2.8 Test Panel Setup
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Figure 2.8 Test Panel Setup
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Equivalent Wheel Load
with no impact factor.
-L
jT II,IE
Time History at Each Wheel Footprint with no impact factor.
Values in brackets are from beam
model if different than grid model values. Figure 2.9 Loading Scheme
'-./
General Gage Index
6 (7)5+
F 1Ot+ 89 "'f-...... On Vertical Leg of Angle
On Horizontal Leg of Angle Transverse to Diaphragm
4
3~~1
.. "'".
B-R5-W#
B-R5-E#
B-B5-#
B-D5-W#
B-D5-E#
B-D10,9-1
• Indicates which diaphragm
• Indicates if gage is on the Rib, Bulkhead, Diaphragm, Deck Plate, Shear
Connector (SC), Floorbeam Connection, or Displacement Iransducer
-- for gages on the Diaphragm between ribs, both bordering ribs are given
"'" Indicates if gage is on the West (Wall) or East side; from the center of the rib
... Indicates the gage's location according to the numbering sequence given above
(#) Indicates that the gage is on the reverse side
For example: gage B-R5-E1 is on' Floorbeam B, Rib 5, facing East (away from the
wall), lying horizontally at the rib-deck intersection.
Figure 2.10 Diagram of Strain Gage Locations
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Figure 3.1 Stresses in the Diaphragm Plate at Gage 0-1
Time History at B-D5-EIO
en
en
Q)
....
(j)
-38
103
o
38
-103
.......................................... -69
+----'----'----'----L---l.~---- --J -138
\5
\0
5
~
'"
'"....1::
-5[J)
-10
-15
-20
to t2 t3 t4 tot1 Time
Figure 3.2 Time History on Tension Side
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Figure 3.3 Time History on Compression Side
74
511= 22.0 ksi 512 =-16.9 ksi 522= 11.0 ksi
522
L.::.
511 + 522 (511; 522t + 5122 4-a= + 512! 2
511 + 522 (511 ; 522f + 5122 SII D Ia2 := 2 t>II 511a! = 34.272 ksi (236 MPa) IV
a2 =-1.272 ksi (-9 MPa) -t~ 512
522
'"
1 (-2.S12)
Q := "2'cot Sl1 - 522
Q := 36 ex:= 20
B= 90 - (180 - Q- (90 - ex))
B = 16
B
Gage ~
~5Q
a2 +0"1 a2 -a!0":= --+--·cos(2·B)
2 2
a= 31.57 ksi (218 MPa)
Figure 3.4 Principal Stress and Measured Strain Comparison
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Figure 3.5 S-N Curve with Inserted Load versus Distribution Curve
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Figure 3.6 General Lower End Rib/Diaphragm Crack Locations
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Figure 3.7 Crack at C-R5-E South
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Rib Plate
C-R4-W
Cycle Crack
length "a"
(mm)
568000 lack of
fusion
sootted
~ Diaphragm
Figure 3.8 Crack at C-R4-W
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I Cycle Crack
length "a"
(mm)
1873700 13
1915000 19
2601100 29
2982300 31
3123700 51
drilled crack tin
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k t B-D5-E SouthFigure 3.9 Crac a
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Diaphragm
Bulkhead
Plate
C-R7-E South
I Cycle Crack I
length "a"
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C k at C-R7-E SouthFigure 3.11 rae
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Diaphragm
Bulkhead
Plate
C-R3-E South
=
fiCycle Crack II
length "a"
(mm~
r
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C R3-E South. 3 12 Crack at -FIgure .
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Figure 3.13 General Upper Rib/Bulkhead Crack Locations
84
31 mm
North
Rib Plate
B-D7-W
~DeckPlate
32 mm
+- Diaphragm
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Figure 3.14 Crack at B-D7-W
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Bulkhead
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Figure 3.15 Crack at B-D7-W North
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Figure 3.16 Crack at B-D7-W South
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~DeckPlate
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South
Rib Plate
64mm
~ Diaphragm
North
C-D7-E
Figure 3.17 Crack at C-D7-E
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~DeckPlate
40 mm
~ Diaphragm
Rib Plate
C-D5-E North
Figure 3.18 Crack at C-D5-E North
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Gradient stresses graphed
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Figure 4.4 Two Types of Root Crack Conditions
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B-05-E
TiIme steo3
G-05-W Gane Stress Gaae Stress
(MPil\ (MPil\
fl\ --- 18\ ---
7\ -24.1 9\ -24.1
:1\ -137.9 10\ -82.8
1MPa = 0.145 ksi
General Gage Index
Table 3.1 Stress Gradient
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GAGE Stress
INDEX (MPa)
B-R9-W1
---
B-R9-W2 -12.4
B-R9-W4 -16.6
B-R9-E1
---
B-R9-E2
-6.2
B-R9-E4
-9.3
B-R5-W1 9.8
B-R5-W2
-19.1
B-R5-W4 -18.1
B-R5-E1 -5.2
B-R5-E2
---
B-R5-E4 -5.2
Data from Test 1
--- channel not working
1MPa = 0.145 ksi
General Gage Index
Table 3.2 Stresses in the Rib
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Timo o'POd
n.;.w ~.no "'ro« r.ono ""0«
IMPa) IMPal
8 -15.2 11 -14.5 0.7 4.5
9\ -31.0 12\ ·31.0 0.0 0.0
1m -<;7? 1~' -I':~ R? Q~
Time51eo2
fl.n<;.w G.no SI,o« G."" SI",« ~ "IoDrt
MPa MPa
~\ .?Q7 l' _<;RR ?RQ d7R
9 ·70.3 12 ·99.3 29.0 29.2
1m ·153R 13\ -1745 20.7 11.9
Tomo"'on
lrU~VV \.;aee blress \:iaee blress un. % un.
MPa MPa
8\ -5.5 11\ ·17.2 11.7 68.0
Q\ .17? 1?\ _?R? Qn ~?
10 -38.6 13) ·29.7 9.0 23.2
Time 51eo 3
I)';..W G."" S'ro« G."" S'",« I)~ %Dif.
IMPal MPa
8) 0.7 11) ·57.9 58.6 98.8
9 -24.1 121 ·78.6 54.5 69.3
1n\ .~?~ 1~\ _~1 1 d 17
Timo <lond
n. r.ono ""000 Go"" Stro« na ' na
IMPal IMPal
8) 4.1 11) 11.7 7.6 64.7
91 19.3 12\ 32.4 13.1 d04
1m M~Q
'"
AAQ ?nn ?QQ
Time 51e02
fl.n<;.F G.no Sl,ooo r.."" ""0«
MPa) IMPa)
~, 17? 11\ ?RQ Q7 ~<;Q
9 56.6 12) 77.9 21.4 27.4
1m 1?4R 131 1R? 1 37.? no
Tjmo "'ond
lrL.:5-t: \:ieee btress \:iaee blress un. ',un.
MPa MPa
81 13.8 111 9.7 4.1 30.0
Q' ~~ 1?\ ?d R? ?n<;
10 44.1 13) 39.3 4.8 10.9
Time 51"" 3
n<;.F G."" S"o« G."" Sl,ooo I)~ %Oif.
IMPal MPa
8) 34.5 11) 21.4 13.1 38.0
91 76.6 12 55.9 20.7 27.0
1m 1n~ 1~\ ~R? ?d1 ?1 Q
1 MPa =0.145 ksi
General Gage Index
"""'"8 (11)
"""'" 9 (12)
"""'"10
(13)
Table 3.3 Back-to-back Stresses
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Location F100rbeam B F100rbeam C Finite Element Results Finite Element Results
Gaae Stress Stress SP2+SM1+SM2 SP2-ISM1 +SM2\ SP2 SM1 SM2
Index IMPa) IMPa) IMPa) IMPa) IMPa) IMPa) IMPa\
D5-W1 • -226.9 -120.0 -220.0 -265.5 -242.8 6.9 15.9
D5-W3 -214.5 • -144.1 -17.7 -63.2 -40.4 6.9 15.9
D5-W4 -185.5 -161.4 -17.7 -63.2 -40.4 6.9 15.9
ns-ws -RR.9 -89.0 -17.7 -63.2 -404 R9 1S9
[)r:;..W10 -1 ::11.0 -93.1 -51.0 -96.R -7::18 R9 1S9
D5-W13 -162.1 • -81.4 --- -- -- - ---
D5-W9 -66.9 -37.9 -17.7 -63.2 -40.4 6.9 15.9
[)r:;..W1? -87.R -69.7 --- -- - -
D5-E1 135.2 183.4 145.5 69.7 107.6 22.1 15.9
D5-E3 115.2 120.0 164.1 118.6 141.4 6.9 15.9
D5-E4 80.7 62.8 130.3 84.8 107.6 6.9 15.9
nS-FS -110 -11.0 1::10.::1 84.8 10TR R.9 1S.9
D5-E10 115.2 98.6 164.1 118.6 141.4 6.9 15.9
D5-E13 144.8 82.1
--
--
--
--
--
D5-E9 53.8 68.3 130.3 84.8 107.6 6.9 15.9
nS-F1? RTR • S!i9
--- -- --- -- --
SP2 - Primary stress
SM1 - Stresses due to bending moment longitudinal to diaphragm
SM2 - Stresses due to bending moment vertical to diaphragm
Diaphragm readings from static Run 7
with diaphragm and shear connector welded
• Gage not manitered during Run 7
reading from static Run 5
(before diaphragm and shear connector were welded)
1 MPa = 0.145 ksi
General Gage Index
~9 (12)
~3 ~10
t4 (13)
"'5T
Table 3.4 Experimental and Finite Element Stresses
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Legend
Notes
Test 1 - Original set up (4th static run)on 2-17-95
Test 2 - Static run with shear connector bolts loosened on 2-22-95
(retightened for subsequent tests)
Test 3 - Static run with extra neoprene under load points on Floorbeam B on 2-27-95
Test 4 - Static run with tip guides and stiffened wall column on 3-5-95
Test 5 - Static run with pyramid load point on Floorbeam B on 3-10-95
Test 6 - Static run with welded diaphragm (between R5 & R6) on 3-21-95
Test 7 - Static run with shear connector welded on 3-22-95
Data from timestep 2 for Floorbeam B and timestep 3 for Floorbeam C
• Test 1 data from static runs 1-3 (not static run 4) on 2-2-95 to 2-9-95
-- channel not working
••• channel not hooked up
?? inconsistent data, possible bad gage. wire. connector, etc.
1 MPa=.145ksi
FATIGUE GAGE TEST 1 TEST 2 TEST 3 TEST 4 TEST 5 TEST 6 TEST 7
TEST INDEX STATIC STATIC STATIC STATIC STATIC STATIC STATIC
IMP::!) IMP::!) IMP::!) IMPa) IMP::!) IMP::!) IMP",)
1 B-D9-W9 -38.3 -21.2 -37.2 -35.7 -35.2 -38.8 -40.9
· 2 B-D9-W1 -79.7
...
-71.9 -72.9 -69.8 -76.0 -79.7
·
::l R-DA-W:1 -115.A ... -115A -110.7 -111.7 -117.A -124.1
·
4 B-DA-W4 -1097 ... -110.2 -109.7 -111.7 -110.7 -12M.
·
5 B-D9-W5 -58.4 ... -63.1 -60.0 -64.1 -62.1 -62.1
6 B-D5-E10 93.6 83.8 94.7 97.2 101.4 81.2 86.4
7 R-DR-WA -50.7 -40.:1 -507 -49.7 -49.1 -4A.7 -4A.1
·
8 B-D8-W1 -130.3 ... --- -125.2 -123.1 -124.1 -124.7
·
9 B-D8-W3 -89.0 ... -87.9 -84.3 -82.8 -82.8 -83.8
·
10 B-D8-W4 -107.1 ... -107.6 -104.0 -101.9 -101.4 -102.4
·
11 R-DR-W5 -21.2 ... -1 A1 -1fU,
-.lZ.1 -17.6 -16.fi
·
1? BD10A-1 2.1 ... ... ... ... ... ...
13 B-D7-W9 -83.8 -73.4 -84.3 -81.7 -76.6 -75.5 -75.5
14 B-D6-W9 -50.7 -47.6 -50.7 -47.6 -45.5 -48.6 -46.6
·
15 RDAR~1 4.7 ... ... ... ... ... ...
1fi R-DS-W:1 -181.0 -174.:1 -1R4.1 -171.2 -171.2 -164.5 -1..6M
17 B-D5-W4 -162.4 -154.1 -163.4 -155.2 -154.1 -153.1 -139.1
18 B-D5-W5 -71.4 -67.2 -72.4 -66.2 -64.7 -56.4 -50.2
19 B-D5-W7 -73.4 -n,1 - -69.8 -70.9 -66.2 -66.7
20 B-DS-W9 -52.8 -S1.7 -5:1.R -49.1 -50.2 -S1.2 -50.2
21 B-D5-W10 -115.3 -100.9 -- -104.5 -104.0 -99.8 -98.3
22 B-D5-W12 -74.5 -55.3 -70.9 -76.0 -n,1 -64.7 -65.7
23 B-D5-W13 -130.9 -114.8 -135.0 -137.1 -138.1 -126.2 -121.6
·
24 BD9.8-4 -20.7 ... ... ... ... ... ...
?? 25 B-D5-E1 104.5 83.3 _.-
--
-18.1 101.9 101.4
26 B-D5-E3 84.3 66.7 86.4 97.2 107.1 94.1 86.4
?? 27 B-D5-E4 58.4 43.4 --- 71.4 85.3 89.0 60.5
?? ?R R-DS-FS -6.7 -140
-- fi.7 14.0 -1:14 -R.3
29 B-DS-E7 37.8 27.9 36.7 41.9 424 36.7 36.7
· 30 BD98-11 -29.5
... ... ... ... ... ...
31 B-C-1 9.8 17.1 ... ... ... ... ...
~? S-C-2 8.8 - ... ... ... ... ...
Table 3.5 Summary of Different Test Results (1/2)
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Legend
Notes
Test 1 - Original set up (4th static run)on 2-17-95
Test 2 - Static run with shear connector bolts loosened on 2-22-95
(retightened for SUbsequent tests)
Test 3 - Static run with extra neoprene under load points on Floorbeam B on 2-27-95
Test 4 - Static run with tip guides and stiffened wall column on 3-5-95
Test 5 - Static run with pyramid load point on Floorbeam B on 3-10-95
Test 6 - Static run with welded diaphragm (between R5 & R6) on 3-21-95
Test 7 - Static run with shear connector welded on 3-22-95
Oata from timestep 2 for Roorbeam B and timestep 3 for Roorbeam C
* Test 1 data from static runs 1-3 (not static run 4) on 2-2-95 to 2-9-95
- channel not working
*** channel not hooked up
?? inconsistent data, possible bad gage, wire, connector, etc.
1 MPa=.145ksi
FATIGUE GAGE TEST 1 TEST 2 TEST 3 TEST 4 TEST 5 TEST 6 TEST 7
TEST INOEX STATIC STATIC STATIC STATIC STATIC STATIC STATIC
':hAIIJNE"' IMP<>\ IMP<>\ IMP<>\ IMPal IMP<>\ IMP<>\ IMP<>\
33 B-05-E13 121.6 115.3 124.1 121.6 128.3 109.7 108.6
34 B-04--W9 -35.2 -34.1 -35.2 -32.1 -27.4 -33.1 -32.1
~'i R-n~-W9 -'i~~ -'i17 -'i4~ -'i1 ? ..4f\0 -4nO -411.0
?? 36 B-02-W9 -9.3 -8.8 --- -- 114.3 -19.1 -HU
* ?? 37 G-09-W1 -6.7 *•• -5.7 -18.1 -17.1 -18.6 -15.0
* 38 G-09-W3 -75.0 ... -74.0 -81.2 -78.6 -80.7 -80.7
·
39 G-09-W5 -4An ... -44'i _'i07 -491 -4<:11 -'i1?
·
40 G-09-W4 -82.2 *.* --- -86.4 -83.3 -85.9 -86.9
41 SG-6 3.6 1.6 *•• .** - *•• .*.
·
?? 42 G-08-W1 9.8 ... 8.3 -5.7 -6.2 -5.7 -2.6
·
d.q r._nA_W~ _4'i 'i *.* -4? 4 _'i~~ -'i1 7 -'i4~ -'i~ A
* 44 G-08-W4 -38.8 ••* -37.2 -46.0 -45.0 -46.0 -46.0
* 45 G-OB-W5 -6.7 *.* -5.7 -9.8 -10.3 -10.9 -9.8
?? 46 G-05-W1 -103.4 -46.6 -71.4 -92.6 -90.0 -91.0 -90.0
·
47 r.n10 Cl-1 ~n **. ... ..*
-
... ...
4A ,.. ....~ -110.7 -90.11 -110.2 -1?47 -1?011 -1?1fl -1?1.0
49 G-05-W5 -61.6 -51.7 --- -70.3 -68.8 -67.2 -66.7
?? 50 G-05-W7 -18.1 -- -210.5 -198.6 -192.9 -24.3 -23.8
?? 51 G-05-W9 -18.1 -11.4 -17.6 -25.9 -24.8 -28.4 -28.4
52 I r~nc;..W10 -62.1 -'i0? -57.9 -66.2 -65.2 -70.3 -69.8
53 G-05-W12 -59.0 -54.3 -51.7 -53.8 -51.7 -51.2 -52.2
54 G-05-W13 -61.0 -53.8 -48.6 -56.9 -55.9 0.0 0.0
55 C-G-1 8.8 27.9 ••* *.* - *•• **.
'in r.-05-E1 1'in ? 14<:1 0 1474 141.7 1~1 1~fl fl 1~7n
57 C-05-E3 107.6 91.6 98.8 93.6 90.5 90.0 90.0
58 C-05-E4 63.6 48.1 -48.1 49.7 48.1 46.6 47.1
?? 59 C-05-E5 8.8 -2.1 4.1 -4.7 -5.2 -8.3 -8.3
nO r.-n'i-F7 n7 A n~1 fl47 nO'i ~4 'i7<:1 1174
* fl1 r.n<:l R-4 1fl •*. ... ..* **• *•• ...
62 C-05-E10 82.8 70.9 76.0 75.5 74.0 75.0 74.0
* 63 C098-3 -5.2 *** •** *•• - **• *.*
M r.-OS-E13 M.7 49.1 'i7 A. 63.6 R?n n~n n1 n
Table 3.5 Summary of Different Test Results (2/2)
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K value K value K value
H= 9.5 mm H= 7.9 mm H= 6.4 mm
H= 0.375 in H= 0.3125 in H= 0.25 in
tp= 7.9 mm tp 7.9 mm tp= 7.9 mm
tp= 0.3125 in lp= 0.3125 in tp= 0.3125 in
Hltp: 1.2 Http= 1 H!tP= 0.8
w= 0.53125 v,,= 0.46875 w= 0.40625
a= 4 mm a= 4 mm a= 4 mm
a= 0.15625 in a= 0.15625 in a= 0.15625 in
stress: 14.025 ksi stress: 14.025 ksi stress: 14.025 ksi
A1= 1.723901 A1= 1.69 A1= 1.626899
A2= -0.13712 A2= -0.086 A2= 0.008429
Fw= 1.056933 111- Fv,,= 1.074565
kSitnY;.
F= 1.102305 ~1.K= 17.48479 ks~n) ~ K= 17.54167 K= 17.65665 kSi~n) '12
K= 19·1.3 MPa(:r.\ K= l'l.29 MPa\m) K= \'7.43 MP«m)
Number of Cycles Number of Cycles Number of Cycles
1= 1.832131 1= 1.09858 1= 0.59278
C= 3.6E-10 C= 3.6E-10 C= 3.6E-10
N= 1844784 cvcles N= 1106167 evcles N= 596873 cvcles
Gage Index C-D9-E1, 97 MPa (14 ksi)
Joint geometry constants were calculated using English units
Table 4.1 Changes due to Varying the Size of the Fillet Weld - Toe Cracking
Nominal Fatigue Nominal Fatigue Nominal Fatigue
Umit imit Umi!
H= 0.375 in H= 0.3125 in H= 0.25 in
(DeltaF)n= 11.1 ksi DeltaF)n= 9.4 ksi (DeltaF)n= 7.6 ksi
(DeltaFln= 76.7 MPa DeltaFln= 64.7 MPa (De~aF)n= 52.7 MPa
Table 4.2 Changes due to Varying the Size of the Fillet Weld - Root Cracking
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On C-R5-W and C-R7-W Only
Gaqe Stress at
Index time step 3
(MPA)
C-D5-W21 48.3
C-D5-W22 48.3
C-D5-W23 34.5
C-D5-W24 6.9
C-D5-W25 34.5
C-R5-W12 -13.8
C-R5-W13 -27.6
C-D7-W21 27.6
C-D7-W22 ---
C-D7-W23 20.7
C-D7-W24 0.0
C-D7-W25 62.1
C-R7-W12 -6.9
C-R7-W13 -20.7
Table 4.3 Rib/Bulkhead Gages
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· 40 mm
£
E
('/)
..-
Measured Predicted Cvcles Cycles
Location Stress Root Toe Detected
Range Cracking Cat. C Crack
(MPa) H=22mm Cracking
C-D9-W1 28.3 --- ---
C-D9-E1 96.6 5653 4888 3124000
C-D8-W1 26.2 --- ---
C-D8-E1 * 103.5 4596 3974
C-D7-W1 * 60.7 --- ---
C-D7-E1 * 181.4 853 737 3271600
C-D5-W1 * 170.4 1029 890
C-D5-E1 132.4 2191 1895 1873700
B-D5-E1 99.3 --- 4491 1873700
* stress from static Test 1
--- stress under CAFL
1MPa = 0.145 ksi
General Gage Index
Table 4.4 Comparison of Root and Toe Cracks
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Appendix A: Static Calibration Strain Gage Measurements
The static test was accomplished by applying the equivalent of an HS20 truck
with no impact in the inner lane traveling alongside an HS20 truck with 30 percent
impact in the outer lane. This is not to be confused with the fatigue loading which is
based on the AASHTO LRFD fatigue truck. Fatigue loading was accomplished by
placing the equivalent of an HS 15 truck with no impact in the inner lane traveling
alongside an HS 15 truck with 30 impact in the outer lane. The result of this is that
the fatigue loading is 75 percent of the static loading. Since all of the stresses
measured are below the yield stress, the stresses are linearly proportional. The stresses
in Appendix A correspond to fatigue loading and are presented as they were recorded.
The static stresses presented in the main body of the report have been multiplied by
0.75 and converted into their dynamic loading equivalent. This conversion was done
for the ease of comparing static and dynamic values and tables in the main body of
the paper. The stresses in this appendix correspond to static loading and have not
been converted.
In static test 1, measurements from over 400 strain gages and displacement
transducers were recorded. Because of the large number of transducers being
monitored, not all channels could be recorded simultaneously and three separate test
runs were required. Approximately 50 channels monitoring the global behavior of the
deck were included in each test run while the remaining channels were divided into
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three groups. Based on static test I results, strain gages were identified for further
monitoring. Table 3.5 evolved out of this first static test. The dynamic equivalent
converted stresses from some of the first static test gages is shown under Test I in
Table 3.5. Because the initial set of conditions from Test I indicated problems,
changes were introduced. The subsequent tests on Table 3.5 changed the boundary
conditions and load distributions in an attempt to make the measured results and the
analytical model compatible. The number of gages monitored during the dynamic test
was reduced to 64, the maximum number of channels available on the dynamic test
data acquisition system.
Figures Al and A2 describe the general gage index used for the sensors
installed. Figures A3 through A6 provide additional sensor location information.
Strain gage measurements are sensitive to electronic noise due to activity on
the lab floor, length of the cable between the gage and the data acquisition unit, etc.
Although noise affects eacb gage relatively equally, its influence is most prominent on
gages that have small readings. Gages with calculate stresses below 1 ksi (6.9 MPa)
are particularly sensitive to electronic noise and therefore appear to yield unstable
results. For these smaller readings the influence of electronic noise has to be kept in
mind.
The following pages list the measurements taken during static calibration test 1.
Measurements were taken during each time step except time step O. For load case 0
no load was applied.
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General Gage Index
1~t
2
6 (7)
J.5~t
4
3~~~1
~1t
2
FlOt~a9 "F-....... On Vertical Leg of Angle
On Horizontal Leg of Angle Transverse to Diaphragm
• ., • ;t.
B-R5-W#
B-R5-E#
B-B5-#
B-D5-W#
B-D5-E#
B-D109-1,
• Indicates which diaphragm
., Indicates if gage is on the Rib, Bulkhead, Diaphragm, Deck Plate, Shear
Connector (SC), Floorbeam Connection, or Displacement Iransducer
-- for gages on the Diaphragm between ribs, both bordering ribs are given
• Indicates if gage is on the West (Wall) or East side; from the center of the rib
;t. Indicates the gage's location according to the numbering sequence given above
(#) Indicates that the gage is on the reverse side
For example: gage B-R5-E1 is on Floorbeam B, Rib 5, facing East (away from the
wall), lying horizontally at the rib-deck intersection.
Figure A1 General Gage Index
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General Gage Index
Special Cases:
BarriEr Bracket Locations are counted from South to North (1 to 12) and are located
within the BarriEr with compass directions (West, North). For example: E-5-WN is
a BarriEr Bracket, the fifth one counting from the southern most one, and is located
under the West side of the deck, in the more Northerly cut out.
Elange side locations are located by diaphragm and then Compass directions. For
example: A-F-N is located at diaphragm A, on the top Flange, on the North side.
Displacement Iransducers are located near the Wall, Tip, or under the deck by
compass directions, For example: DT-WC is located by the Wall on Floorbeam C..
DT-NE-N measures rotation (two DTs are used for one rotation location) in the more
North Easterly location, and is the Northern Displacement Transducer of the pair.
\
Barrier BracketDeck Plate \
~"pr=~~==r-_':::====::'-_---~ "-
Gage
Figure A2 BarriEr Bracket
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Figure A3 Deck Plate and BarriEr Bracket
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Figure A4 Flange Side and Floorbeam Connection
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Figure A6 Dimensioned Diaphragm Gage Locations
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
Jack1 -0.3 0.1 -309.8 -0.1 Jacks
Jack2 -275.1 -102.8 -205.2 0.0
Jack3 4.4 2.8 1.7 -1.3
Jack4 -0.1 0.2 0.1 0.1
Jack5 7.8 5.8 2.4 -1.3
A1-D10,9-3 6.9 4.3 2.6 -2.1 Intermediate Diaphragm A1
A1-D10,9-4 -0.1 0.3 0.2 0.2
A1-D2,1-3 12.1 8.9 3.8 -2.1
A1-D2,1-4 -3.7 -2.9 -2.1 0.3
A1-D2,1-6 -3.4 -3.0 -2.3 0.4
A1-D2-E1 9.3 5.7 5.3 0.9
A1-D2-E2 7.0 5.5 2.8 -0.8
A1-D2-W1 1.3 2.6 -2.1 -2.3
A1-D2-W2 -6.1 -3.5 -3.2 0.5
A1-D3,2-6 1.3 0.4 0.7 0.2
A1-R2-E1 -2.2 -2.3 0.3 1.7
A1-R2-E2 13.3 12.5 1.6 -2.6
A1-R2-E3 3.8 0.2 2.3 0.2
A1-R2-E4 22.6 20.6 4.2 -3.0
A1-R2-E8 5.2 2.9 1.8 -1.6
A1-R2-E9 1.0 0.9 0.6 -1.3
A1-R2-W1 -10.7 -7.1 -3.0 1.5
A1-R2-W2 29.5 25.7 6.6 -3.1
A1-R2-W3 -11.1 -7.0 -3.7 0.7
A1-R2-W4 45.3 37.7 10.1 -6.0
A1-R2-E10 0.9 0.2 0.4 -0.3
A1-R2-E11 0.7 0.2 0.2 -0.3
B-D10,9-1 0.3 2.5 0.4 0.5 Floorbeam B
B-D10,9-10 -17.8 29.6 -18.3 -19.5
B-D10,9-2 -9.4 -18.7 -10.7 -9.1
B-D10,9-3 -2.4 -1.7 -2.0 -1.4
B-D10,9-4 -14.2 -43.4 -16.3 -16.9
B-D10,9-8 -6.2 -17.1 -3.3 -5.7
B-D10,9-9 -29.3 -89.0 -19.7 -27.8
B-D2,1-3 -2.9 -4.0 -2.3 -3.0
B-D2,1-4 -0.6 -2.3 -6.3 -5.0
B-D2-E1 6.3 35.5 -34.3 -9.1
B-D2-E2 -2.2 -6.4 5.7 0.8
B-D2-W1 -30.5 -22.9 -72.9 -35.6
B-D2-W2 4.1 2.4 8.8 4.8
B-D5-E1 52.0 135.7 43.3 41.6
B-D5-E2 -2.6 -4.1 1.1 1.5
B-D5-E3 45.7 113.8 42.9 42.6
B-D5-E4 35.6 72.6 28.9 29.1
B-D5-E5 12.6 -7.2 4.0 3.5
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
8-05-W1 -64.1 -214.2 -90.7 -96.3 Floorbeam 8
8-05-W2 9.6 37.2 13.4 15.8
8-05-W3 . -70.5 -251.4 -92.8 -99.1
8-05-W4 -62.3 -224.7 -80.4 -87.6
8-05-W5 -24.8 -93.2 -36.7 -41.6
8-07,6-10 -13.4 -39.5 -14.8 -16.0
8-07,6-11 -4.0 -17.1 -4.8 -7.8
8-07,6-3 4.4 18.2 6.3 5.7
8-07,6-4 -4.2 -27.7 -9.8 -11.4
8-07,6-5 1.8 6.4 2.6 2.7
8-07,6-6 0.9 -6.4 -4.5 -6.4
8-07,6-7 -14.3 -42.0 -9.6 -8.4
8-07,6-8 -1.5 -3.1 -1.3 -1.1
8-07,6-9 -15.9 -55.2 -18.0 -19.9
8-07-E1 33.8 72.3 21.8 24.3
8-07-E2 0.3 3.4 3.5 2.7
8-07-W1 -63.3 -224.1 -86.6 -94.0
8-07-W2 8.5 39.4 11.9 15.1
8-08,7-5 -3.6 -12.6 -2.5 -4.2
8-08,7-6 5.8 9.9 1.5 -0.7
8-08,7-7 -0.3 0.5 0.1 0.1
8-08-E1 12.4 30.0 -5.0 6.7
8-08-E2 -1.2 -4.5 2.8 0.9
8-08-E3 17.3 73.0 6.6 16.3
8-08-E4 12.4 59.0 3.2 8.9
8-08-E5 -6.1 -13.9 -13.8 -16.9
8-08-W1 -47.1 -173.5 -62.9 -75.2
8-08-W2 6.2 25.4 8.5 11.8
8-08-W3 -37.0 -118.6 -41.7 -55.8
8-08-W4 -43.5 -142.7 -46.2 -64.0
8-08-W5 -9.9 -28.6 -16.0 -19.1
8-09,8-11 -10.1 -39.3 -10.1 -14.7
8-09,8-3 1.0 6.2 2.3 2.9
8-09,8-4 -6.5 -27.6 -11.4 -12.0
8-09-E1 0.4 39.2 -17.3 4.3
8-09-E2 3.0 3.5 5.8 3.1
8-09-E3 -9.4 10.0 -19.7 -5.7
8-09-E4 -19.9 -39.8 -28.9 -23.8
8-09-E5 -24.2 -82.9 -29.5 -36.2
8-09-W1 -23.4 -106.3 -43.4 -55.1
8-09-W2 4.7 22.0 7.2 9.9
8-09-W3 -26.0 -154.5 -26.4 -48.0
8-09-W4 -25.1 -146.4 -23.3 -42.9
8-09-W5 -14.2 -78.1 -15.3 -23.1
8-R2-E1 0.0 1.0 1.2 1.5
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
B-R2-E2 -6.7 5.5 -10.7 -4.9 Floorbeam B
B-R2-E3 0.4 -2.4 -5.9 -4.2
B-R2-E4 -10.7 5.2 -14.5 -6.6
B-R2-E6 4.5 2.7 5.8 1.6
B-R2-W1 3.1 5.9 5.4 5.9
B-R2-W2 -14.6 -3.2 -16.2 -7.5
B-R2-W3 0.9 -6.9 -2.3 0.0
B-R2-W4 -18.1 -3.0 -19.5 -10.2
B-R2-W6 7.3 -4.8 6.9 7.2
B-R3-E6 13.2 22.5 17.2 16.2
B-R3-W6 1.6 -8.5 0.4 -1.2
B-R4-E6 6.9 13.7 9.6 6.9
B-R4-W6 7.9 -1.5 7.0 7.3
B-R5-E1 0.3 -6.7 -1.4 -1.8
B-R5-E2 -9.6 -0.8 -10.4 -7.2
B-R5-E3 9.5 17.6 9.5 9.3
B-R5-E4 -14.7 -6.4 -15.5 -13.8
B-R5-E5 33.4 76.6 36.7 36.1
B-R5-E6 18.2 37.6 18.4 17.9
B-R5-W1 5.6 12.8 5.0 5.5
B-R5-W2 -15.1 -25.2 -19.1 -17.1
B-R5-W3 -5.7 -18.3 -6.7 -6.9
B-R5-W4 -18.7 -24.4 -22.4 -19.9
B-R5-W5 -14.6 -38.9 -15.1 -15.0
B-R5-W6 -6.2 -18.8 -6.6 -6.7
B-R6-E6 10.2 19.6 12.0 10.7
B-R6-W6 4.8 1.1 5.4 5.4
B-R7-E1 -1.7 -7.7 -1.3 -2.7
B-R7-E2 -7.6 -3.6 -8.1 -9.0
B-R7-E3 8.9 14.9 19·0 9.4
B-R7-E4 -14.0 -7.9 -12.8 -13.4
B-R7-E6 19.3 48.7 22.2 21.5
B-R7-W1 6.2 13.5 5.6 5.4
B-R7-W2 -13.2 -24.7 -15.3 -17.1
B-R7-W3 -5.7 -17.6 -5.5 -6.2
B-R7-W4 -16.1 -26.3 -18.3 -20.1
B-R7-W6 -7.7 -22.9 -6.7 -7.3
B-R8-E1 1.4 -6.8 1.1 -1.5
B-R8-E2 -7.6 -9.9 -7.7 -8.6
B-R8-E3 4.9 7.9 4.3 4.8
B-R8-E4 -11.2 -12.2 -11.0 -12.0
B-R8-E5 16.8 39.5 18.2 21.1
B-R8-E6 9.2 21.0 10.7 12.0
B-R8-W1 4.3 7.5 2.6 3.7
B-R8-W2 -9.0 -17.3 -11.9 -13.7
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
B-R8-W3 -0.3 -3.2 -1.3 0.8 Floorbeam B
B-R8-W4 -13.0 -21.0 -14.6 -18.8
B-R8-W5 -1.7 -11.7 -1.0 1.1
B-R8-W6 0.9 -3.5 1.3 2.7
B-R9-E1 3.1 2.7 1.7 -0.7
B-R9-E10 -0.9 -7.7 -0.8 -1.9
B-R9-E11 1.4 6.8 1.3 3.9
B-R9-E2 -28.2 -8.0 -7.0 -8.0
B-R9-E3 4.3 9.1 3.7 4.6
B-R9-E4 -12.0 -12.7 -10.7 -12.2
B-R9-E6 10.7 29.2 10.2 13.4
B-R9-E8 -1.0 -9.0 -0.7 -3.5
B-R9-E9 -1.2 -10.8 -0.7 -3.0
B-R9-W1 0.1 0.3 -0.8 0.3
B-R9-W2 -6.9 -16.2 -10.2 -12.2
B-R9-W3 -0.9 -3.0 -0.2 -0.5
B-R9-W4 -10.9 -21.8 -12.5 -15.1
B-R9-W6 1.1 3.6 1.3 1.1
B-WC-1 11.7 29.0 13..4 10.0
B1-010,9-3 -4.0 4.0 2.2 11.7 Intermediate Diaphragm B1
B1-010,9-4 2.2 4.3 2.2 1.6
B1-02,1-3 -3.0 8.1 6.3 13.3
B1-02,1-4 -2.1 -2.8 -2.9 -5.4
B1-02,1-6 -0.4 -2.8 -2.1 -3.2
B1-D2-E1 -3.4 6.9 5.3 18.1
B1-02-E2 -2.4 2.8 0.9 1.6
B1-02-W1 -2.0 11.4 4.6 10.2
B1-02-W2 2.0 -6.0 -7.6 -16.9
B1-03,2-6 1.5 -1.8 -2.4 -3.9
B1-05-E1 1.8 2.2 3.2 5.2
B1-05-E2 2.0 5.2 4.6 3.6
B1-05-E3 2.7 -12.0 -12.3 -18.4
B1-D5-E4 2.8 -17.1 -18.2 -24.3
B1-05-E5 -0.6 -30.4 -32.0 -43.8
B1-05-W1 -5.2 2.3 -2.0 8.8
B1-D5-W2 -2.1 -0.5 -2.6 1.4
B1-05-W3 -1.8 -4.3 -7.1 -4.8
B1-05-W4 1.8 -2.9 -5.0 -6.5
B1-D5-W5 5.7 5.7 4.0 4.7
B1-R2-E1 -2.2 -1.2 -1.8 -2.5
B1-R2-E2 -10.0 6.6 5.2 16.8
B1-R2-E3 -2.0 2.8 1.3 4.6
B1-R2-E4 -13.9 9.5 8.1 25.8
B1-R2-W1 6.4 -10.0 -14.5 -5.4
B1-R2-W2 -20.8 17.3 50.4 25.5
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
B1-R2-W3 2.9 -7.0 -7.4 -20.6 Intermediate Diaphragm B1
B1-R2-W4 -14.1 26.3 26.4 59.1
B1-R5-E1 1.9 -4.0 -4.5 -8.9
B1-R5-E2 -7.9 13.9 13.3 34.5
B1-R5-E3 4.3 3.3 2.8 -3.0
B1-R5-E4 -11.8 21.6 20.4 51.2
B1-R5-E5 6.5 9.7 9.5 4.4
B1-R5-E6 5.8 7.9 6.5 3.4
B1-R5-W1 1.8 -1.3 -3.3 -5.9
B1-R5-W2 -9.9 7.8 5.6 23.4
B1-R5-W3 -1.9 -4.5 -5.8 -6.4
B1-R5-W4 -13.8 12.0 10.3 34.4
B1-R5-W5 -3.1 -9.7 -11.4 -11.8
B1-R5-W6 -1.3 -9.0 -10.4 -14.2
C-B8-1 1.3 1.2 2.0 0.4 Floorbeam C
C-B8-2 -0.3 -0.5 -0.4 0.8
C-B9-1 -1.2 0.4 1.8 -0.8
C-B9-2 1.8 -0.9 0.8 1.1
C-D10,9-1 0.7 4.2 4.9 2.3
C-D10,9-10 5.5 4.8 54.5 7.7
C-D10,9-2 -6.3" -6.0 -9.0 -5.6
C-D10,9-3 -9.1 -7.1 -14.3 -5.7
C-D10,9-4 -6.9 -7.0 -25.1 -10.4
C-D10,9-8 -0.8 1.1 -5.9 -1.0
C-D10,9-9 -21.7 -18.8 -68.9 -19.5
C-D2,1-3 -5.0 -5.7 -5.7 -2.9
C-D2,1-4 7.9 -1.6 10.6 -3.2
C-D2-E1 54.6 43.9 54.7 7.7
C-D2-E2 -8.0 -6.1 -8.5 -1.6
C-D2-W1 11.5 -18.5 -7.4 -29.0
C-D2-W2 4.9 6.4 5.2 6.5
C-D5-E1 29.1 50.0 140.3 62.4
C-D5-E2 -17.5 -19.6 -47.4 -18.8
C-D5-E3 58.7 58.5 145.8 54.6
C-D5-E4 41.6 37.5 87.1 33.1
C-D5-E5 20.1 10.3 9.5 20.1
C-D5-W1 -106.5 -102.1 -297.8 -99.0
C-D5-W2 3.7 4.4 3.3 6.1
C-D5-W3 -0.1 14.1 0.0 -0.1
C-D5-W4 -36.0 -53.6 -151.9 -64.7
C-D5-W5 -16.2 -28.0 -80.0 -34.8
C-D7,6-10 11.0 11.8 33.3 12.3
C-D7,6-11 -8.0 -11.4 -27.8 -14.0
C-D7,6-3 -2.3 -2.6 9.8 -2.0
C-D7,6-4 2.6 -3.7 -22.3 -6.6
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
C-D7,6-5 -1.2 -1.3 3.9 -0.7 Flooroeam C
C-D7,6-6 -5.9 -10.9 -44.4 -13.0
C-D7,6-7 -7.6 -2.6 -12.5 0.6
C-D7,6-8 -1.7 -1.7 -6.7 -2.6
C-D7,6-9 -10.6 -12.1 -38.4 -12.7
C-D7-E1 73.9 74.6 241.8 75.6
C-D7-E2 -14.5 -16.0 -56.5 -17.7
C-D7-W1 -1.3 -19.4 -81.0 -43.1
C-D7-W2 5.8 8.7 36.6 14.4
C-D8,7-5 -3.9 -3.4 -15.9 -5.2
C-D8,7-6 -4.1 -7.7 -11.9 -8.6
C-D8,7-7 -2.4 2.4 8.3 5.3
C-D8-E1 46.5 38.6 137.7 43.8
C-D8-E2 -8.8 -6.9 -28.7 -10.5
C-D8-E3 26.9 18.0 109.4 26.7
C-D8-E4 14.5 5.4 78.6 13.5
C-D8-E5 -3.5 -13.6 5.3 -14.5
C-D8-W1 24.0 9.6 13.2 -14.0
C-D8-W2 -2.7 0.7 9.4 5.8
C-D8-W3 -8.1 -12.6 -60.6 -39.8
C-D8-W4 -10.0 -14.8 -51.9 -36.4
C-D8-W5 -4.3 -10.2 -8.7 -14.9
C-D9,8-11 2.2 1.4 17.1 6.0
C-D9,8-3 -2.6 -2.6 -6.8 -2.9
C-D9,8-4 2.7 -0.2 1.9 -2.9
C-D9-E1 39.4 32.1 128.9 50.4
C-D9-E2 -6.7 -6.2 -27.4 -12.6
C-D9-E3 17.8 9.8 66.1 26.5
C-D9-E4 10.3 1.9 34.8 11.4
C-D9-E5 -5.4 -13.2 -31.1 -18.3
C-D9-W1 13.0 0.5 -8.8 -32.7
C-D9-W2 2.7 3.6 15.7 13.0
C-D9-W3 -8.1 -9.0 -100.3 -39.2
C-D9-W4 -9.4 -7.0 -109.6 -33.6
C-D9-W5 -2.7 -2.2 -64.8 -12.5
C-R2-E1 -0.6 2.8 1.7 1.9
C-R2-E2 -6.9 -8.6 6.1 -5.1
C-R2-E3 3.5 5.4 2.6 1.4
C-R2-E4 -11.6 -15.2 4.3 -8.5
C-R2-E6 5.3 8.0 4.1 2.7
C-R2-W1 3.7 7.7 6.3 6.3
C-R2-W2 -8.4 -12.1 1.1 -5.1
C-R2-W3 6.7 5.1 -2.2 4.3
C-R2-W4 -15.7 -19.2 -1.2 -10.6
C-R2-W6 7.4 7.2 3.1 6.4
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
C-R3-E6 11.8 14.8 18.6 15.6 Floorbeam C
C-R3-W6 5.1 1.8 -4.6 2.1
C-R4-E6 8.1 10.8 11.2 9.7
C-R4-W6 7.6 6.1 3.4 8.2
C-R5-E1 2.9 -0.6 4.0 -0.4
C-R5-E2 -5.9 -8.7 0.7 -4.9
C-R5-E3 14.3 14.7 26.3 15.2
C-R5-E4 -12.9 -16.0 -8.3 -11.7
C-R5-E5 32.0 38.1 82.7 38.6
C-R5-E6 18.2 20.2 41.4 20.8
C-R5-E7 13.5 14.3 25.9 14.5
C-R5-W1 4.6 4.7 15.1 5.4
C-R5-W2 -12.0 -16.9 -15.9 -14.4
C-R5-W3 -2.9 -4.6 -11.5 -4.2
C-R5-W4 -17.0 -22.3 -19.2 -18.7
C-R5-W5 -9.0 -12.7 -25.4 -11.6
C-R5-W6 -3.2 -4.2 -9.7 -3.2
C-R5-Wl 0.4 -1.7 -3.2 -1.1
·C-R6-E6 7.7 10.5 17.5 10.2
C-R6-W6 7.7 10.5 17.5 10.2
C-R7-E1 2.1 1.2 -6.6 -0.9
C-R7-E2 -7.8 -7.7 -0.9 -6.7
C-R7-E3 12.5 12.7 27.2 12.8
C-R7-E4 -14.3 -14.2 -9.9 -14.0
C-R7-E6 17.7 21.9 41.4 22.4
C-R7-W1 4.1 2.6 9.6 4.1
C-R7-W2 -9.7 -11.6 -14.5 -13.8
C-R7-W3 -2.4 -3.0 -10.4 -3.6
C-R7-W4 -14.8 -17.8 -22.5 -19.3
C-R7-W6 -4.7 -7.0 -17.5 -6.9
C-R8-E1 1.6 1.7 -3.0 -1.2
C-R8-E2 -6.7 -7.1 -3.1 -6.7
C-R8-E3 5.7 6.4 14.1 7.2
C-R8-E4 -11.0 -10.9 -10.9 -10.8
C-R8-E5 10.2 11.5 21.8 13.5
C-R8-E6 7.7 8.6 14.0 9.6
C-R8-E7 5.9 5.4 9.4 5.8
C-R8-W1 2.6 1.8 4.9 1.7
C-R8-W2 -6.7 -10.3 -14.5 -13.6
C-R8-W3 1.5 1.7 -2.8 1.1
C-R8-W4 -11.2 -14.6 -19.8 -17.4
C-R8-W5 0.5 1.5 -6.4 ) 1.7
C-R8-W6 1.2 1.6 -2.5 1.9
C-R8-Wl 1.7 2.1 0.8 3.3
C-R9-E1 3.2 1.9 -1.0 -1.2
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
C-R9-E2 -5.5 -5.7 -4.9 -5.7 Floorbeam C
C-R9-E3 6.5 6.0 12.9 7.2
C-R9-E4 -10.0 -9.6 -10.5 -9.0
C-R9-E6 9.1 8.6 18.3 10.4
C-R9-W1 7.2 2.1 4.3 0.7
C-R9-W2 -4.9 -8.8 -14.9 -12.9
C-R9-W3 1.6 1.7 3.3 5.8
C-R9-W4 -10.6 -13.5 -18.0 -16.1
C-R9-W6 1.9 1.4 6.7 -2.2
C1-D10,9-3 9.3 3.3 5.5 -1.9 Intermediate Diaphragm C1
C1-D10,9-4 -4.1 -2.6 -3.5 0.4
C1-02,1-3 12.9 3.9 10.2 -1.6
C1-D2,1-6 -4.1 -1.9 -3.7 -0.8
C1-02,1-4 -1.3 -0.6 -1.5 1.1
C1-02-E1 2.3 3.1 2.2 1.5
C1-D2-E2 -1.9 -1.5 . -1.1 0.1
C1-02-W1 5.0 -1.8 4.3 -2.5
C1-02-W2 -3.6 -1.0 -3.0 0.5
C1-03,2-6 -3.3 -1.1 -2.4 0.7
C1-R2-E1 -3.8 0.8 -1.9 1.6
C1-R2-E2 -3.1 -2.5 -7.1 -3.3
C1-R2-E3 6.3 4.3 3.1 0.5
C1-R2-E4 21.7 3.6 19.3 -4.7
C1-R2-W1 -9.3 -1.4 -4.9 3.2
C1-R2-W2 30.2 7.8 24.8 -3.3
C1-R2-W3 -14.7 -5.1 -10.6 1.0
C1-R2-W4 46.6 11.9 39.9 -4.5
OT-TA -2.6 -3.4 0.0 0.0 Displacement Transducers
DT-TB -3.4 -8.8 -4.0 -3.4
OT-TC -3.3 -4.0 -8.7 -3.4
DT-TO -3.0 -0.4 -4.4 -0.1
DT-WA -0.1 -0.1 0.0 0.0
DT-WB 0.0 0.0 0.0 0.0
OT-WC -0.1 -0.1 -0.3 -0.1
DT-WD 0.0 0.0 0.0 0.0
DT-NE-N -1.3 -0.5 -1.4 0.2
DT-NE-S 1.1 0.3 1.3 -0.3
DT-NW-N -1.0 -0.2 -1.0 0.3
DT-NW-S 0.8 0.0 0.8 -0.6
DT-SE-N 0.0 -1.0 -1.2 -1.0
DT-SE-S -0.1 0.7 0.6 0.5
DT-SW-N 0.0 -1.3 -1.1 -1.2
DT-SW-S -0.2 1.1 0.9 1.0
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Load in kN
Stress in MPa
Displacement in mm
Gage Step 1 Step 2 Step 3 Step 4
Index
SC-1 0.2 0.1 -0.1 0.0 Shear Connector
SC-2 6.0 12.1 9.3 6.7
SC-3 2.3 2.3 1.0 -1.6
SC-4 -0.1 4.1 3.4 4.7
SC-5 2.1 1.5 1.5 -0.3
SC-6 1.6 5.0 6.6 4.8
A-C-1 9.7 20.4 2.1 2.3 Floorbeam Web
A-C-2 -14.3 -16.1 -3.2 0.2
B-C-1 5.4 13.0 7.1 5.2
B-C-2 -14.7 -42.7 -18.1 -17.1
B-C-3 -5.7 -13.9 -6.5 -7.2
C-C-1 10.2 12.0 25.0 9.9
C-C-2 -18.8 -22.4 -53.0 -20.0
C-C-3 -9.8 -10.2 -31.2 -11.3
D-C-1 11.8 5.4 21.7 5.0
D-C-2 49.4 -25.3 -38.0 -23.2
B-F-N 10.9 26.6 11.0 10.9 Floorbeam Flange
B-F-S 8.2 20.5 8.4 8.3
C-F-N 11.1 11.2 25.6 9.2
C-F-S 13.8 17.1 32.5 12.6
D-F-N 5.6 1.2 9.1 0.6
D-F-S 11.8 3.9 18.3 1.1
E-5-ES 1.5 13.5 7.7 9.7 Barrier Bracket
E-5-WN -3.5 0.9 1.5 3.8
E-5-WS -4.1 -3.6 0.8 3.9
E-6-WS -1.5 7.3 6.8 11.0
A1-P2-1 -0.3 -0.4 -0.7 0.7 Deck Plate
A1-P2-2 -0.2 0.6 0.7 0.9
B-P5-1 3.7 3.5 6.4 7.5
B-P5-2 1.1 1.5 1.2 1.1
B-P8-1 -0.3 -0.1 -0.3 1.1
B-P8-2 -0.4 -0.2 -0.6 1.4
B1-P2-1 3.1 -1.4 -0.5 -3.6
B1-P2-2 -0.8 0.8 0.3 1.0
C-P5-1 2.7 5.6 1.4 5.9
C-P5-2 1.8 2.9 4.3 2.2
C-P8-1 4.3 4.6 2.3 4.1
C-P8-2 0.6 1.8 2.4 1.3
C1-D2,1-3 12.9 3.9 10.2 -1.6
C1-D2,1-4 -1.3 -0.6 -1.5 1.1
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